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RESONANCE SCATTERING OF SOLAR RADIATION IN PROMINENCES

N. A. Yakovkin, M. Yu. Zel'dina

It is shown that the prominences emit in the line
Hu on account of the scattering of solar radiation.

The proof is based on the solution of an integral equa-
tion for the case of fully incoherent scattering. Photo-
spheric radiation in the line Ha enters into the promi-

nence and excites its glow in spite of the great optical
thickness of the prominences in this line., The density
of diffusion radiation is higher than the average density
of the radiation entering into the prominence. The
theoretical 1line profile under great optical thickness

(T ;:10) has a_typical saddle shape. The central inten-
sity and equivalent widths of the calculated line profile
agree with the observations.

As of the present, no answer has yet been found for the question of wheth- /5%

er prominences are 'self-luminous" formations, or whether they may be seen due
to scattering of solar radiation. The majority of astrophysicists adhere to
the first point of view, and assume that the excitation of atoms takes place
either due to the influence of electron collisions, or as the result of elec-
trons recombining with protons (Ref. 2, 7, 19). 1In a study devoted to the
theory of the formation of Balmer lines, V. V. Sobolev (Ref. 12) alsoc postu-
lates the recombination mechanism for the luminescence of prominences. Several
authors (Ref. 1, 11, 16) have assumed that the luminescence of prominences is
not only caused by eigen emission, but also by scattering of photospheric radi-
ation. The assumption has been advanced (Ref. 5) that the third and fourth
levels of a hydrogen atom are excited by solar radiation, and the remaining
levels are due to the recombination mechanism. It was shown in (Ref. 15) that
the energy radiated by a prominence in each Balmer line equals the energy of
the absorbed photospheric radiation in this same line. 1In this connection, it

* Numbers in the margin indicate pagination in the original foreign text,



may be assumed that the luminescence of prominences is the resonance scatter-
ing of solar radiationm.

In order to solve the problem of the excitation mechanism of hydrogen
atoms in prominences, we must examine the diffusion of the radiation and must
determine the change in the source function as a function of the optical depth.
The problem investigated by Jefferis (Ref. 16) is similar to this problem.
Solving the radiation transport equation in the Eddington approximation,
Jefferis obtained the emission line profile of Hy, calculating the intensity
of the eigen and scattered, photospheric radiation. He did not take into 16
account the incoherence caused by the Doppler effect. 1In a more recent study
(Ref. 17), Jefferis and Orrall also investigated the dependence of the source
function on the optical thickness, defining a certain law for this dependence.
The source function was also determined by the trial and error method in
(Ref. 6).

The study by V. V. Sobolev, which was already mentioned, represents an
important step forward in solving this problem. The author determined the
source function, investigating not only the radiation diffusion in the line,
but also the interrelationship between all the Balmer lines. However, this
study is of greater interest for research on flares than it is for research on
prominences, since the report formulates a recombination mechanism for the
luminescence and a model in the form of a uniform sphere which correspond to a
better extent with the nature of flares.

This study investigated diffusion radiation in the Hy line, determined its
density, and showed that luminescence of prominences in this line is completely
provided by resonance scattering of solar radiation.

Main Equation

The determination of diffusion radiation density may be reduced to solving
an integral equation for the source function B(t). The derivation of the equa-

tion is well known (Ref. 12), but we would like to describe it briefly in con-
nection with the specific calculation of its free term in the case under con-
sideration. Just as in (Ref. 12), in order to solve the problem we shall as-
sume complete incoherence of the radiation during resonance scattering; this
incoherence is caused by the Doppler effect. We shall employ a prominence
model which is in the form of a thin plate which is perpendicular to the sur-
face of the Sun [see (Ref. 16)]. Let the line of sight intersect the promi-
nence along the normal 30" above the limb. The dilution factor w equals 0.3
in this case, with allowance for the darkening factor u. We shall assume that
the geometric thickness of the prominence is small as compared with the height
range above the 1limb, within whose limits the dilution factor barely

changes. This condition makes it possible for us to assume layers of equal
radiation intensity with parallel boundary planes of the prominence. It is
assumed that the layers of equal optical thickness coincide with them. There
is no necessity of assuming that the prominences are uniform formations. The
population of the second level of the hydrogen atoms may change as a function
of the depth according to any law, provided that the given condition that the 17
layers be parallel is fulfilled.
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In order to calculate the energy of the direct solar radiation absorbed by

a unit volume of prominence, let us introduce the function

T
+B,

E, (1) =4—17-:je—”“9s1n8 (1—u--u cos 9) dpds, (1)
—-Bm

LTy

2

which represents the intensity of solar radiation, averaged over the angle 4w,
at the depth 1, which enters the plane T = 0 and pertains to the radiation in-
tensity in the center of the disc. As may be seen from Figure 1, angles 9 and
B determine the direction of the radia-
tion which leaves the solar surface at
the angle 0. They are related to the
parallactic angle xg by the simple re-
lationships

sin y=sin xesin O;
cos y=sin & cos f§;
coSs xo=sin ¥ cos B,,.

Figure 1 cal dilution factor" which takes into
account not only the geometric factor,
Model of a Prominence in the but also the darkening of the disc
Form of a Plate Lying in the toward the edge. Actually, in the case
Plane of a Figure. of w= 0.5, u =0, we have

e—xsecdgin Sdt(),

C(./‘)Mln

AE | (%) = B3 (x) =

and in the case of 7 = 0 we have

7 +Bm
2E, (0) = 'w=§1; S sirﬁ)f(l—u—j—u cos 8) dp db. (2)
s, —bm
2

Employing the continuous spectrum of the center of the disc close to the line

H, as the unit of intensity, and designating the profile of the Fraunhofer

line by r,s we obtain the energy absorbed at the given frequency
dnknse -7 r E, (e ).

It is assumed that the absorption coefficient depends only on the Doppler ef-
fect. kn, is the absorption coefficient computed per cubic centimeter; 7 is

the optical depth in the center of the line ch' Integrating over the profile

In our problem, the function E,(t) plays

the role of an integral exponential fune-
tion, as well as the role of "the physi~-



of the Fraunhofer line, we obtain the absorbed energy at the depth
+ o0
4ﬁknzS re~vE, (re~"") dv. 3

For radiation entering the prominence through the second boundary plane, the
absorbed energy may be written in a similar way, only the argument of the func-
tion E_ will have the form (19 — T)e™V~.

Besides direct solar radiation, each cubic centimeter absorbs the dif-
fusion radiation

dnkn, g eV

— o0

I, (=, ¥)sin dd9.

OQ/\_,w’a

Utilizing the solution of the energy transport equation, after changing the
order of integration we obtain the following expression

<, 4 oo 7
4=kn, S B (x) 5 e S e-ln=s) e~V 500 §5in 9 d9 dodr. 4
0 —oc 0

The source function B(T) contained in this expression represents the ratio of
the radiation coefficient j to the absorption coefficient kn2. The optical

thickness of the prominence along the line of sight is designated by 1. The
energy radiated by a cubic centimeter

R

4z Sje ~“dv,

must equal the absorbed energy. Employing this condition, let us formulate /9
the equation of energy balance. Dividing it by

+oo

41t§ kne~vdv=4xn) nkn,,

we obtain the integral equation
B(r):jB(t)K(it—-.

0
The kernel of the equation has the following form

) dt+g (=) (5)

oo

K(0) = 7= | e, (se =) ao, 6)
0

where El is the integral exponential function



n

2
E (x)= S e—*secdgac § sin 849,
0

Since the prominence is equally illuminated by the Sun from both sides, the
free term of the equation equals the sum of the two components

£(x) =g/ (=) + &' (zg—x), 7
where

g'(x) = 1/1;‘ S. r.e~VE, (te=%) dv. (8

— o0

The quantity 4“/;éI(T)I®dT represents the energy, which is absorbed by

the layer dt of direct solar radiation entering the prominence through the
boundary plane 17 = 0. We may simplify the profile of the Fraunhofer line
which is contained in equation (8), by employing a photometric atlas (Ref. 18)
and by assuming Mp = 0.33 &. Figure 2 shows the results derived from calcu-

lating gI(T), as well as the free term g(t) for Ty = 10. The quantities g(Tt)

may be expressed in units of intensity for the continuous spectrum of the cen-
ter of the solar disc. The optical thicknesses are plotted along the abscissa
axis. The quantity obtained from equations (2), (7) and (8) is used as the /10

unit of scale of the right ordinate axis,

T

.
B, = ;j re¥do=0.075, )

INES

This represents the source function for a prominence of zero optical thickness.
This quantity is somewhat higher than the solar radiation intensity, averaged
over the angle 4w, in the center of the Fraunhofer line H (h = 30"

raw=0.21-0.3=0.063.

(According to Tekkereya, the central intensity of the Frauhofer line in
the spectrum of the disc center is 0.154, However, as V. A. Krat has indicated
(Ref. 8), we must take the value of ¥, averaged over the disc for such compu-

tations).

The following section presents the solution of the integral equation (5)
for prominences having the optical thicknesses t, = 0.1; 1.0; 1.5; 5; 10; 100.

The corresponding values of g(t) are given in Figure 3. The given optical /11

thicknesses T, are used for each curve as the unit of the abscissa axis, and

the value B0 is used as the unit of the ordinate axis on the right.

Solution of the Equation

In recent years, there have been considerable advances regarding a theory
for the diffusion of resonance radiation in the case of complete incoherent
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Results Derived from Calculating
Direct Solar Radiation Absorbed Figure 3
by a Layer gt, Located at Differ-
ent © (Within an Accuracy of the
Factor 4n/FT®dT) When the Promi-
nence is Illuminated from One

Side and from Two Sides (TO =10).

The value B0 is Used as the Scale

Unit of the Ordinate Axis to the
Right.

Function g(t) for a Prominence
Having the Optical Thickness
0° The Value B0 is Used as
the Scale Unit of the Ordinate
Axis to the Right.

T

scattering (Ref. 10, 12, 4). We may now compile a resolvent of the integral
equation, and may obtain a solution for the problem. However, it is simpler
to obtain the solution numerically, if we take the fact into account that in
the given case the free term is given graphically, and the resolvent is deter-
mined by several complex formulas. For this purpose, we have employed the
method advanced by Krylov and Bogolyubov (Ref. 9); this method consists of re-
placing the integral equation by a system of algebraic equations. For this
purpose, the integral is divided into a sum of integrals, in each of

which it is assumed that the desired function is constant.

Let Bi be the source function for the middle of the layers, into which the
prominence is divided. T4, t._q and t,. are the optical thicknesses in the
center of the line Ha’ which correspond to the distance from the boundary
plane to the middle of the layer i, for which Bi is determined, and to the

closest and farthest boundaries of the layer r. We may then write the system
which is equivalent to the integral equation (5) as follows

Y' B.a,+g=0. (10)

r=1

The coefficients have the form



"'
ay = SK(nri—t:)dt=¢<|e,—t,_ll)—<D<:r,—t,n. rei
7

¢

al,=SK(|:,—tl)dt~l=—2®<A—;‘),

4y

ay

where Ati ==ti —-ti_l. /12

The condition r # 1 in equation (11) and the special form of the diagonal
coefficients are related to the fact that we must not only take into aecount
direct solar radiation and diffuse radiation of other layers when computing Bi

for the middle of the given layer. We must also take into account the radia-
tion of both halves of the layer itself.

When the coefficients are determined, the symmetrical nature of the kernel
is employed, and the fact that ¢(0) = 0.5 is taken into account. Utilizing the
property of the integral exponential function

fEl (x, @)dx=—0@ 'E,(x, @), (12)

we find the expression for the function ¢
b (x) = Vl_S e vE,(xe ¥")dv. (13)
0

The values of the functions K(x) and ¢(x) were computed for 0 g x g 300.
For x < 2 they were determined according to a formula which was based on expan-—
sion in series of the integral exponen-
tial function. For large optical thick-
nesses, they were determined graphically.
The results are presented in Figure 4.
For purposes of convenience, we have
compiled the curves t3(t) and T2K(1) as
a function of v for small optical thick-
nesses (upper scale) and as a function
of 1gt for T & 300.

0 12 3 4 T

The system of equations (10) was
solved by the method of successive

n A 7 ;
approximations; due to the rapid con-
Figure 4 vergence, we could confine ourselves to
4 — 6 approximations. This is explained
Dependence of the Function TzK(T) by the weak interdependence of the lay-
and 179(t) on the Optical Thickness ers which are located far away from each
(Upper Scale) and on lg (7). other. Coefficients located in the vi-

cinity of the diagonal elements are of

Sy



decisive importance. By way of an example, we shall present a system of ten
equations (Table 1) for a prominence which has the optical thickness 7, = 10.

The coefficients, the free term, and the values of the source function B(t)

are multiplied by 103, for purposes of convenience. The first column gives the
optical "distances" of the middle of the layer from the boundary surface, and

the last two columns give the free terms obtained by means of Figure 2. The

result derived from the solution of this system represents the desired values

of the source function. The source function is also symmetrical, due to the
symmetrical location of the prominence with respect to the surface of the Sun.

This enables us to reduce the number of unknowns by half, compiling a system of /13
equations for only one-half of the prominence.

TABLE 1
%t { Coefficients for the Unknowns Lgy IB‘
05]—450} 134 42 18 9 5 3 2 2 1[16.8]78
1.5 13¢|—450] 13¢ 42 18 9 5 3 2 2|83]|s
2.5| 42 134|450 13¢ 42 18 9 5 3 2| 56|87
35( 18 42 134|—s0] 134 42 18 9 5 3| 48|
450 9 18 42 134f|—as0] 134 42 18 9 5| 440
55| 5 9 18 42 134|—450] 13¢ 42 18 9 44091
65/ 3 5 9 18 42 134|—450| 134 42 18| 4.8|90
75] 2 3 5 v 18 42 13¢/—as0] 134 a2 5687
85] 2 2 3 5 18 42 134|—450] 134 8.3 |84
951 1 2 2 5 9 18 42 134]|—450 |16.8 | 78

The approximate values of the source function B(0) for the boundary sur~

faces were computed according to the following formula
A<

B(O)zBl—ijx(lt_ézf

)dt—g1+g 0). 14)

Here, Bl is the value of the source function for the middle of the first layer.

The second term to the right represents the contribution made by the outer half
of the first layer to Bl' The last two terms represent the increase in the

source function caused by a change in the direct solar radiation when moving
from the middle of the layer to its outer surface.

Source Function

Employing the method presented above, we calculated the source function
for prominences having optical thicknesses in the line H from 0.1 to 100.
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Dependence of the Source Function Values of the Source Function
on the Optical Depth for Different in the Center of Prominences
T, The value B, is Used as the Having Different Optical Thick-
Scale Unit of the Ordinate Axis to nesses.
the Right.

The dependence of the source function on the optical depth is shown in Figure 5.

The corresponding value of the prominence optical thickness was used as the Lli_
unit along the abscissa axis, when each curve was drawn. The intensities per-

tain to the continuous spectrum of the disc center (scale to the left). The

value B0 was used as the scale unit on the right. As may be seen, the numeric-

al values of the source function and its behavior with depth depend to a sig-
nificant extent on the optical thickness of the prominence. For prominences
having a small optical thickness, it may be assumed that the source function is

constant over the thickness and equals B, —— the source function when there is

no prominence. Thus, diffuse radiation, which arises in an optically thin
prominence, completely balances the absorption of direct solar radiation along
its path to the central regions of the prominence. In the case of Ty = 3, the
density of the diffuse radiation becomes larger than the density of the in-
coming radiation -~ i.e., it behaves as though there were an "accumulation" of
quanta in the substance. For the middle of a prominence having an optical
thickness of 100, the effect of "accumulation” leads to a significant increase
in the radiation density -- the source function exceeds the value B, by a fac-

tor of more than 2.

The effect of "accumulation" of quanta in the central regions of the prom-
inences is shown in Figure 6 as a function of the logarithm of their optical
thickness. The minimum value of the source function corresponds to T, = 1,

which could have been expected, since an optical thickness equalling unity
corresponds to the mean free path of a quantum. For Ty < 3, the source func-

tion equals B, or is smaller than this value by several percents. With an /15
increase in the optical thickness of the prominence, it rapidly becomes larger.

We should point out that the extent to which the quanta are "accumulated" is
determined by the ratio B(T)/Bo. However, in order to determine the role of

diffuse radiation in excitation of hydrogen atoms, we may find the ratio



B(t)/g(1) which is 100 times greater than the quantity given above. For exam—
ple, for a prominence having t, = 100, the number of quanta of diffuse radia-

tion is two and one-half orders of magnitude greater than the number of quanta
of direct solar radiation reaching the central region of prominence.

We thus arrive at the following important conclusion. The prominence is
filled with diffuse radiation during resonance scattering of solar radiation in
the line H,; the greater is the optical thickness of the prominence, the larger
is the density of this diffuse radiation. The phenomenon of "accumulation" of
quanta is also observed when a prominence is illuminated from only one side.
Figure 5 presents a graph of the source function for 7, = 100 when a prominence

is illuminated from one side. Just as previously, the computations were per-
formed for the line of sight which intersects the prominence at a height of

30" above the limb. In this case, the phenomenon of quanta "accumulation"
reaches its maximum value at a distnace of T ~ 10 from the plane which is il-
luminated by the Sun, and not in the central region of the prominence. If the
source function is combined with its mirror image, due to the additivity of

the radiation fields we obtain a source function which corresponds to illumina-
tion of the prominence by the Sun from both sides.

Profile of the Line

The profile of the line Ha’ which is emitted by a prominence as a result

of resonance scattering of solar radiation, may be computed from the following
formula

I, = X B(t) e~ =t e o= gt

0

(15)

i.e., we are investigating radiation which leaves along the normal to the promi-
nence plane. Figure 7 presents profiles of the line Hy 1in the case when the

prominence has an optical thickness of 7, = 0.1; 1; 5; 10 and 100. The inten-

sities pertain to the continuous spectrum of the center of the solar disc, and
the distances of the line from the center may be expressed in Doppler half- /16
widths. The most characteristic feature of the theoretical profiles in the

case of large optical thickness is their saddle-shaped form, which is frequent-

ly observed in the spectra of prominences. When the optical thickness decreas-
es, the profiles acquire the form of a Gaussian curve. The areas of the

line profiles increase with the optical thickness. This is natural, since the
prominence absorbs and, consequently, radiates a great deal of solar energy

when T, increases.

Let us compare the results obtained with the observations. Table 2 pre-
sents the main characteristics of the profiles shown in Figure 7, as well as
the observational data taken from (Ref. 14). The "maximum intensity" pertains
to the "horns" of the profile. The total halfwidth is measured in the cross
section corresponding to half of this intensity. The equivalent widths AA are

expressed in milliangstroms of the continuous spectrum of the disc center; it

10
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is assumed that Alp equals 0.33 . as

Wl may be seen, the theoretical and obser-
vational profiles agree very closely.

For example, the numbers characterizing
the theoretical profile in the case of
Tg = 10 coincide, within an accuracy of

v10%, with the quantities Imax’ Ic’ ZV%,

A
and._l obtained from observations.
Adp

3 2 -
Figure 7 ly asymmetrical, and are distorted by
18 absorbing material located in the line
. of sight between the prominence and the
Theoretical Profiles of H; observer. The line profile also assumes
Intensities Pertain to the an incorrect form, due to the Doppler
Center of the Solar Disc. effect during the random motion of indi-
vidual prominence sections. However,
it is possible to select the parameters
AXD and Ty» for which the theoretical profiles closely describe the profiles of
the observed lines. It is possible to determine these parameters by employing
the simple formula
I,=B(1—e ™), (16)

in which the source function is constant over the entire width of the promi-
nence. The profile described by formula (16) for Ty = 10 is shown in Figure 8

by the dotted line. As is known, it has a flat apex. If this profile is drawn
through the apexes of the "horns" (see Figure 8), it clearly represents

wings of the observed and theoretical profiles obtained from the exact

formula (15). This may be explained by the fact that formula (16) is obtained
if the mean value of the source function is removed from under the integral

in the exact formula. The parameters Arpy and also 1, are identical for these

TABLE 2
Date w5 tmax | 2, | 20, | 2% |anp,A| 240, A ‘ A, mA | n"
g . z

Theoretical Data
1 0045 0045 200 92 033 066 30 30
5 076 076 2.80 218 33 092 72 30
10 .08 079 320 272 .33 1.06 90 30
100 138 .096 450 522 .33 1.50 173 30

Observational Data
5/27 1958 6 .065 .054 290 177 44 1.28 78 15
6416 1958 8 084 .073 308 249 .45 .42 112 43
/7 1958 4 062 .057 270 151 37 .00 56 40
10/9 1959 16 .046 .040 3.80 164 .28 .06 % 20

11

The observed profiles are frequent- /17



formulas. Therefore, they may be deter-
mined by the previous methods -- for
example, by means of "six branch cuts"
(Ref. 13). The values of AXD and Ty are

given in Table 2, along with the obser-
vational data obtained by this method.

Many prominences have an irregular
form, and consist of individual fila-
ments, so that the direct solar radia-
tion penetrates to the inner regions of
the prominence without absorption. 1In

Figure 8 this connection, it is interesting to
obtain a solution of the integral equa-
Comparison of Profiles Having tion for the limiting case -~ for uni-

= 10 form distribution of the radiation
sources over the prominence thickness.
to Uniform Distribution of the The strength of the sources thus remains
Sources and Corresponding to undetermined, since -- if the absorption
the Distribution According to of solar radiation is disregarded --
this leads to an inner contradiction in
the formulation of the problem. The
source function in the case of uniform
distribution of the energy sources (g(r) = const) for a prominence having

To = 10 is shown by the dotted line in Figure 5, and the profile of the line is

shown in Figure 8. TFor purposes of comparison, we show the corresponding pro-
file having a flat apex (16) in Figure 8. The maximum of the source function
and, consequently, the dip in the center of the line are much more apparent
than in the first variation of the calculations. This profile was not compared
with the observed profile, because the central intensity and the equivalent
width (total energy) were undetermined, since the strength of the sources was
assumed to be arbitrary. In this connection, it is our opinion that the com-
parison of the theoretical profile with the observed profile, which was done in
(Ref. 3, 12) is arbitrary to a certain extent. The strength of the sources is
not given in these studies; therefore, the central intensities and the equiva-
lent widths were not determined. At an electron temperature of 5000°, which
was assumed in these studies, the electron concentration will be too small for
recombination radiation in the line Ha‘ We should also point out that the

formula given in (Ref. 12) for computing the profile is not applicable to prom-
inences, since it pertains to the radiation of the entire sphere which is used
as the model, whereas observations are customarily made of the spectrum from a
small section of the prominence, which is delineated by the spectrograph slit.

Flat Apexes (16) for Ty
with Profiles Corresponding

Figure 2.

It follows from the statements presented above that the theoretical pro-
files of the line H,» computed for different models of a prominence, differ

12



very little from each other. 1In actuality, the profiles which we obtained for
a prominence having the form of a flat plate are very similar to the profiles
computed by Sobolev (Ref. 12) for the model of a spherical prominence. Since
we do not know the form and precise structure of each given parameter, there
is no point in performing a careful computation of the theoretical line profile,
and we may confine ourselves to the results obtained above.

The hypothesis was advanced in the study mentioned above that illumination
of the prominence in the line Ha is resonance scattering of solar radiation.

This hypothesis enables us, without any additional assumptions, to calculate
not only the form of the line, but also the total energy radiated by the promi-
nence in this line. The calculated intensities of the "horns" for saddle-
shaped profiles, as well as the central intensities, may be expressed —-- with-
out formulating additional hypotheses —-- in units of the continuous spectrum of
the center of the solar disc.

The central intensities obtained theoretically, the intensities of the /19

"horns', the halfwidths of the profile, and the total energies correspond,

within an accuracy of 10-20%, to observations of prominences having the corres-—
ponding optical thickness. Thus, the total energy radiated by a prominence in
the line Ha is caused by resonance scattering of solar radiation. It is appar-

ent that the electron concentration and the electron temperature must not be
too high, since the population of the third level of the hydrogen atom can-
not depend on electron collisions and recombinations.

Some of the general conclusions of the study may be employed to inter-
pret the illumination of prominences in other lines in which the optical thick-
ness is small. It was shown that the source function within the prominence
having the optical thickness 0 < T, < 3 differs from r.w by only a few percents

0
—-- the product of the residual intensity of the Fraunhofer line by the dilution
coefficient. For large optical thicknesses, the source function is larger
than this value —- the phenomenon of quanta "accumulation" within the promi-

nence enters the picture. For a prominence having the optical thickness of
100, the radiation density in the central regions is twice as high as that at
the same point in space where there is no prominence due to this phenomenon.
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COMPARISON OF FAINT AND BRIGHT PROMINENCES
N. N. Morozhenko

As a result of analyzing hydrogen and metal
lines, the values of the electron temperature, electron
concentration, concentration of neutral hydrogen and
effective thickness in hydrogenous and metallic filaments
of bright prominences are obtained. Owing to lack of data,
it is possible in faint prominences to determine only the
limits of the change of these values in hydrogenous fila-
ments. The distinction in the spectra of faint and bright
prominences may be explained by the difference in optical
thickness, which is as high as 2-3 orders in the hydrogen
and ionized calcium lines.

Observations have shown that during maximum solar activity there is a /21
large amount of extended, comparatively bright prominences, which form long,
dense filaments at the edge of the disk. The spectra of particularly dense
prominences contain a large amount of lines of metals, helium, and hydrogen
up to HZO and higher.

The faint prominences, as a rule, appear during minimum solar activity.
The H and K lines of ionized calcium are observed in their spectra, as well
as the faint line D3 of helium, the hydrogen lines Ha -~ of normal bright-
ness —-- and the lines of HB and HY which are considerably fainter. The

intensity of the line H, is insignificant; this line does not develop even

é
at large exposures in spectrograms of the faintest prominences. In order to
clarify the difference between the spectra of bright and faint objects, we
selected the three brightest prominences (1, 2, 3) which were observed on
July 13, 1960, July 24, 1960, September 24, 1961, respectively, and four very
faint prominences (I, II, III, IV), which were observed on September 13, 1962,
September 18, 1962, June 21, 1963, June 28, 1963.

Hydrogen Filaments of Bright Prominences

Let us investigate the hydrogen spectrum and physical conditions in
hydrogen filaments of bright prominences. Table 1 presents the results
derived from measuring the hydrogen lines (optical thicknesses Ty in the lines
from Ha to Hg) and the Doppler halfwidths A\ of the lines, which pertain to

the population of the 3-9th 1evels of hydrogen atoms, which were
found by the method of Conway. This table also presents the relative Doppler /2
halfwidths AAD/A of the lines Ha - H16' The Doppler halfwidths from H10

to H16 were determined according to the halfwidths of these lines.

In this study we determined the electron temperatures of hydrogen
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TABLE 1

Lines

Prominence 1

Prominence 2

Prominence 3

[
A N,
o s | i

l

|
103 i T
|

A
2% 108

Ny

H

i W[ 8y | sz' g A}\D! ‘ Fv— 1, i Bhp | -2.103

| l | | ] |
H, 90.00 0.250  3.82 4.97  31.00 0.274  4.18 3.96 — @ — - —
Hg 12.00 .180 3.71 1.88 - - - - - — — —_
H, 420 .153 3.52 1,74 1.42 170 3.90 1.84- — = — —
s 2.00 .145  3.54 1.61  0.67 .158  3.87 1.92  2.60 0.180  4.40 2.04
. 110 .135  3.39 1.54 - - — —  0.70 .162 4.08 3.44
s 0.75 .133  3.43 2.52  0.20 .150 3.87 280 — @ - - -
H, 0.50 .136  3.39 3.00 — .44 3.75 —  0.50 .156  4.06 3.58
He 0.36 .130  3.42 - — 150 3.9 —  0.35 .166 4.36 4.12
H, 0.22 .130 3.45 - — L1588  4.20 — 0.25 .173  4.59 5.20
H, 0.17 .135 3.60 — — 167 4.46 - — 78 4.76 -
H,; 0.13 .140 3.78 - — 71 4.59 — —  .183  4.93 -
H, 0.16 .15 4.04 - — 167 4.50 —_ —  .193  5.18 -
Hy 0.08 .150  4.05 - - = — - — 198  5.35 -
He 0.07 .150 4.06 - - - — S — — -
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filaments based on the magnitude of the radiation flux in the line La at the

boundary of the Earth's atmosphere. According to data derived from rockets,
this flux comprises 4-6 erg/cm2-seconds. The temperature of Lu—radiation TL:
o,

at the boundaxry of the photosphere is thus found to equal 7000~7200°, and at
the altitude of the prominence it is about 6800-7000°.
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Figure 1

Comparison of Observations (Dots) with Theoretical Curves for

the Dependence of AAp on the Number of the Line
A

Assuming that the flux of La—radiation does not change when penetrating the
prominence, and under the condition that Te = TLa (Ref. 8), we obtained the

electron temperatures of hydrogen filaments of the prominences equalling 7000°.

The influence of the Stark effect upon the higher terms of the Balmer
series was utilized to determine the electron concentrations in hydrogen fila-
ments of bright prominences. Graphs showing the dependence of AAp/A on the
number of the line for prominences 1, 2, 3 were compared with theoretical
curves presented in (Ref. 10). These curves were compiled on the assumption
of expansion of the line by the Stark effect. Figure 1 shows that the best
agreement with the theoretical curves is obtained in the case of n, = 1012 for

prominences 1 and 2, and in the case of n, = 1012.1 for prominence 3.

For Te = 7000°, according to the table given in the article by V. M.

Sobolev (Ref, 7), we may select the concentration of neutral hydrogen atoms

n1 = l.7°10l at which the electron concentrations (obtained from this table

and determined according to the Stark effect) are equal. If we know the values/24
of Tty and N2’ we may employ the Boltzmann formula to determine the amount of

hydrogen atoms in the ground state Nl in a column with a base of 1 cm2

along the line of sight, and the effective thickness of hydrogen filaments h
in bright prominences. This thickness equals 5:106 cm on the average (Table 2).
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TABLE 2

Number of N2-10’14 N. -10-20 ne,lo—lz n -10-13| h.10-7

Prominence 1 1
1 1.61 1.61 1 00 2.0 08
2 0.57 0.57 1 00 2.0 0.3
3 1.92 1.92 1.12 3.0 0.6

Hydrogen Filaments of Faint Prominences

Table 3 presents the results derived from measuring hydrogen lines of
faint prominences. A comparison of the parameters tg of bright and faint
prominences shows that bright prominences are considerably more dense -~ 1 is
50-100 times greater in them than in faint prominences. The ratios of Ni/NZ

differ only within the limits of the errors with which they are determined,
which indicates that the mechanism by which hydrogen is excited in prominences
of both types is the same.

Faint prominences may be investigated in a similar manner. Since there
are no specific data on the change in the intensity of La—radiation as a

function of the cycle of solar activity, we employed the same values of

electron temperatures for faint prominences, which were observed in 1962-1963,
as for bright prominences -- Te = 7000°. The number of neutral hydrogen atoms
Nl was found based on the known number of hydrogen atoms in the second quantum
state N2

magnitude smaller than for hydrogen filaments of bright prominences. With
different values of the effective thicknesses given, we may determine certain
values of the hydrogen atom concentrations ny based on the determined values

for faint prominences. This number proved to be almost two orders of

of Nl' We may find different values of the electron concentrations for the
hydrogen atom concentrations, by means of the well known Te and TLy according

to Table 5 given in (Ref. 7). Table 4 presents the results derived from
studying the hydrogen lines of faint prominences. The column with the index
\A presents the values of turbulent velocities in the hydrogen filaments of

faint prominences, which were determined according to the known AAp and Te'

It may be seen from Table 4 that when the effective thickness of hydrogen /25
filaments changes from 109 to 105, the electron concentrations change from
1010 to 1012, There is no possibility of determining the electron concentra-
tions independently for faint prominences, as is done for bright prominences.
At an effective thickness of h = 107cm,which is obtained for bright prominences,
n_ is of the order 1011, 1If it is assumed that the values of o, in hydrogen

filaments of bright and faint prominences are the same (of the order 1012y, we
must then assign a value of h=102 cm for the effective thicknesses of hydrogen

18



*késggngma-“_g‘

TABLE 3
o | J::fromingggg_L_ Proﬁiné;cegll_;ﬂ_iPromiggggg»If{_.W;Efaﬁ{ﬁence IV
Line Ni N; N; Ni
N Ak, 17;-103 N Akp 1—\7;-103 X Arp N;-IO" W | A, ;\,-2-103

H, 1.50 0.300 5.50 1.70  0.295 5.36 3.00 0.347 4.07 1.30  0.295 4.62
Hg 0.20 0.220 2.37 0.20 0.205 3.52 0.42 0.255 2.77 0.30 0.225 1.19
H, — -— — 0.05 0.183 4.29 0.10 0.226 5.41 0.07 0.200 2.29

filaments of faint prominences. We may select the values of n, = 1010 - 1011

and h = 108 - 10/ cm, which coincide fairly well with the data provided by
other authors.

An investigation of the hydrogen lines of bright and faint prominences
has shown that the physical conditions in the hydrogen filaments of these
prominences are almost the same. The differences in the nature of the hydrogen
spectra of bright and faint prominences may be primarily explained by the
great difference between the optical thicknesses of hydrogen filaments. Self-
absorption in bright prominences weakens the observed intensity of radiation
of the 1line Ha by almost two orders of magnitude, whereas there is practically

no self-absorption in this line in faint prominences.

Therefore, if the
observed intensities H

o in prominences are almost identical, with an increase

in the number of the line the difference between the intensities becomes in~
creasingly larger, as the self-absorption decreases in the bright prominences.

As a result of this, we may trace the hydrogen lines in the bright prominences /26
up to H20 and above, whereas the line HS is barely visible in faint prominences.

TABLE 4
O C | a=10° | h=10% | h=10" | h=10° | n=I0° | 9
§3e |2 (2 gz (2 Ja =08 == 78 &
S8 1 | | 1 | ! | i [ 1 0 1 Eg
28lelaiale|eslelejesizla|e]e
A N A I I N N N R
1]32]1.8]1.8(20]1.8]65/1.8]1.7[1.8|36|1.8]1.1]7.5
mi29i16(1.6(1.8{16]59\1.8/1.5{1.6{25]|16|08{|7.0
m | 6.8(3.9|39/|36(39/11.7/3.9|3.1(3.9[82]3.9]2.0/10.9
ivise|21i21]23l21]76]21[1.9]21]43[21]|1.0]70

Metallic Filaments of Bright Prominences

The lines H and K of ionized calcium and Dl’ D2 of sodium were selected,

in order to study the metallic filaments in bright prominences. Tables 5 and 6
present the results derived from analyzing these lines according to the method
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of Conway.

Lines of ionized calcium in bright prominences were studied in (Ref. 3).
It was established that the opitcal thicknesses of the prominences in this line
have values on the order of 103.

In our study, we disregarded any assumptions regarding the location of
the metallic line luminescence, and also examined the lines Dl and D2 of

sodium. The equation of the ionization equilibrium was solved for sodium.

When this equation was formulated, we took into account photoionization and
ionization by electron collision from the levels 32P and 32S, and recombi~
nations at all the levels indicated in Figure 2. In addition, we determined
the number of photoionization events from the levels 42S, 42P and all the
levels lying above, in the form of level 5 with the ionization potential X5 =
= 1.24 ey . The photoionization cross section from this combined level, which
was advanced by S. V. Moskvin (Ref. 4), was assumed. The photoionization cross
sections from the levels 328, 32P, 425, 42P were taken from the tables given

by Allen (Ref. 1).

Calculations have shown that the number of photoionization events from
the level 32P is five times greater than from the main level 325, whereas
photoionization from the levels 428 and 42P and above may be disregarded. The
number of photoionization events was computed according to the following

formula 8
Z=nWV kv E, [ X
c? kT
TABLE 5 127
‘é’ . KCat D,Na D,Na
Y o - —iC + 10~15 — —_— —_— —11
£ aj - | (Na,), 10
g 3 /.1074 1-1073, 11073,
o=l "o Atp erg/cm? T | Akp erg/cm?.| T Akp erg/cm?.
Ay sec. sec. sec. {
1 1800 0.043 4.05 1.54 0.35 0.072 3.90 0.76 0.072 5.80 4,66
2 1300 0.053 3.95 1.40 0.556 0.073 3.80 0.91 0.073 5.60 6.50
3 2000 0.075 19.50 2.90 0.48 0.100 8.80 0.98 0.100 12.20 8.60

’

where o, k,, v., X4 represent, respectively, the population, the photoioniza- /28

i i
tion cross section, the limiting frequency of the series, and the ionization
potential from the ith jevel; N and T represent, respectively, the dilution
and temperature of ionizing radiation. The temperature of ionizing radiation
was computed according to the Planck formula for different levels
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TABLE 6 27

9 Hca™ KCa™
g
g.0 |7 e T — — (Caj")p (Caj')s M
- E I m/sec
8 = T A, ergfcmz. o Akp erg'/cmZ,
Bl B B sec. | sec.
I 2.10 0.135 4,8-10¢ 3.90 0.140 6.5-104 1,12.10% 0.95.101 10.2

v 0.90 0.095 1.5.10¢ 1.75 0.090 2.0-10¢ 3.24.10% 5,00-10'* 6.9

hc? *;%
)\ y

IogW=
where I is the intensity of the continuous solar radiation beyond the 1limit of
the series of the given level; A is the llmltlng wavelength of the series., The
value of I for the series 11m1t of level 32 S, having the wavelength A = 24124&

was taken from the study by G. M. Nikol'skiy (Ref. 5); its value for the series
limits of the remaining levels was taken from (Ref. 1). Different tem eratures
were obtained for the radiation producing ionization from the levels 34§, 32p,
425 and 42P - 4700, 5000, 4000, 3500°, respectively.

The equation of the ionization equilibrium was written in the following
form (we have employed the indexes (1) and (2) to designate the levels 32S and
32P, respectively) .
ZW 2@z 22 VR,

ie1

o

where 3‘ R, is the sum of recombinations at every level, taken from (Ref. 4);

=1

(l) (g) is the number of photoionization events from the levels 328, 32P;
éi) nd Zéi) -- the number of ionizatiocn events by electron collision from

the same levels, which are determined according to the following formula
l.

Zi=nn,q; (Bk;,:—) (1+ kZ;:)e Me
e

. . . A 2
The values of the ionization cross sections by electron collision 9 ==X22na

0
are: q; = 6.2-10"16 cm?; q, = 1.8-10-15 cm?. The values of the degree of

sodium ionization are given in Table 7 as a function of Te and n_.

In order to make a comparison with observations, we computed the number of/29
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.00-10° 200.10*

4000 2.00-10° 2.00-10* 2 2.10-10
6000 2.69.10° 2.70-10¢ 2.70.10° 3.50- 102 1.08- 102
8000 3.26.10° 3.34-10¢ 4.20-103 12.8 -10* 9.90-10?
10000 4.17-105 460-10* - 8.94.10% 52.3 -103 4.86-10*
hv‘aa S p
4ok 5 atoms of neutral sodium and sodium
ey, which was ionized once. The total
s number of neutral sodium atoms Nal in
30k 1 metallic and hydrogen filaments was
obtained, based on the optical thick=-
ness of the prominences in the reso-
3% nance lines D, and D,, which were
20} 72 1 2

analyzed according to the Conway method.

The number of ionized sodium atoms
1w} N may be determined from the data on the
chemical composition of the solar
atmosphere. This method was employed
35 in (Ref. 3) to determine the abundance
- of calcium atoms in the metallic
filaments of prominences. This method
is based on the fact that such elements
as Na, Ca, Ti, Sr, in prominences are
primarily found in a state, which has
been ionized once, both in hydrogen

and metallic filaments. Therefore, the
number of ionized atoms of these elements determines their total (in metallic
and hydrogen filaments together) abundance in the prominences. The lines
Tit3761, Ti*3759 and the resonance lines Srt4078, Sr*4215 may be readily
analyzed by the Conway method. Their optical thickness may be used to provide
a fairly reliable determination of the number of ionized atoms and, conse-
quently, the total abundance of these elements in the prominences. Employing
the data on the relative chemical composition of the solar atmosphere (Ref. 9),
based on the abundance of titanium and strontium we may determine both the
total abundance of hydrogen, and the total abundance of calcium and sodium,

and therefore the total number of ionized calcium and sodium in the promi-
nences being studied. The data thus obtained are given in Table 8. 1In order
to obtain the number of atoms of neutral and ionized sodium in hydrogen and
metallic filaments separately, as the first approximation we assumed that
hydrogen only emits in hydrogen filaments. The populations N2, which were

Figure 2

Diagram Showing the Levels
of a Neutral Sodium Atom

determined on the basis of the optical thickness of the hydrogen lines, and

the values of Nl’ which are given in Table 2 and which were obtained according

to the Boltzmann formula, represent the number of hydrogen atoms in the second
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TABLE 8

Promi A L _ e
nence |Sr;‘-lo—l'-’ Ti <107 H,-107% [Ca;F-107%| Naj .10~ ‘ Na,-10~%
Numbert o . R S AR _

1 0.52 0.43 1.10 1.54 2.20 4.66

2 0.29 0.59 1.00 1.40 2.00 6.50

3 0.96 0.83 2.06 2.95 412 8.60
Average 0.60 0.61 1.39 1.95 2.77 6.59

+ 15
and ground states only in hydrogen filaments. The value of Na = 1.83.107",

which was calculated according to Nl and according to data on the chemical

composition of the solar atmosphere, also represents the number of ionized
sodium atoms only in hydrogen filaments. Since the values of the electron
temperature and the electron concentration in hydrogen filaments are known, we

may employ Table 7 to find the number of neutral sodium atoms Nal = 3.7-1012

in hydrogen filaments. This number is almost one order of magnitude greater
than the observed number (Nal)O = 6-1011 (see Table 5), which represents the

total number of neutral sodium atoms both in hydrogen and metallic filaments
together.

Since the inequality Nal > (Nal)O has no meaning in physical terms, the

conditions in the hydrogen filaments of the prominences to be studied may be
characterized by somewhat different values of Te and n_, which are different

from those which we employed to determine n, according to Table 5 given by

V. M. Sobolev. It is impossible to change the value of the electron density
n = 1012 significantly, since it is determined according to the Stark effect.

However, the electron temperatures of 7000° which we assumed for hydrogen
filaments may be incorrect. Based on these considerations, we computed the
number of neutral sodium atoms for several values of the electron temperature
of hydrogen filaments in the case of n, = 1012, Table 9 presents the results
derived from calculating n2 s Nl’ Ca{, Na{, Na’{/Na1 in hydrogen filaments of

n

1

a certain "average' prominence for different values of Te (and also of TLu)'

Table 10 presents the recalculated wvalues in metallic filaments of an '

prominence, which were obtained as the difference between the total content

of the element in the prominence and its content in hydrogen filaments. The
total content of the elements in an "average' prominence was taken from the

column titled "average" in Table 8.

It may be seen from Table 9 that the condition Na, < (Na is fulfilled

1 1)0
in the case of Te = 7800 ~ 10,000°. Higher electron temperatures should not
be selected, since in the case of Te > 10,000° electron collision begins to

have a considerable influence upon hydrogen excitation. Temperatures of

'average'

/30

/31
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7, e N, Ca¥ Na;" Na, , Na

n 1 . ] \ Na, 1
7500 .72-10~7 3.76.10°° 5.26.101* 7.53-10¢ 561.102 1.34-1012
7800 6.6u-10~7 _12.1020 297.1014 4.25-10* 7.59.10* 5.60-101
8000 1.C -10-6 1,40.10* 196.10'« 280-10 890.10® 3.15.101
8500 2.40-10—6 5.83-10** 8.18.10* 1.17-10'% 1.45.103 8.07-1u10
9000 3. 6-10-6 3.80-10' 5.32.1013 7.60-10* 2.42.108 3.14.1¢10
10000 5. 2-10~6 2.66-10*° 3.72.101* 533-10'® 4.86.103 2.11.101°

7800-8000° seem most probable to us, since they are closest to the temperature
of La—radiation which we computed previously.

TABLE 10

[P O I + otoon | Naf

Te Na -10-21] Ca;”-10—15 | Na;".10-15 | Na,-10-11 a - 10-3
Ngy

7500 1.01 1.42 2.02 — —
7800 1.18 1.65 2.35 1. 23.50
8000 1.25 1.75 2.49 3.44 7.24
8500 1.33 1.87 2.65 5.78 4.57
9000 1.35 1.¢0 2.69 6.28 4.28
1L0u0 1.36 1.91 2.72 6.48 4.20

Physical conditions in metal filaments were computed as follows. Table 7
was used to determine the electron concentrations in metal filaments for
several given values of the electron temperature in metal filaments depending
on the degree of sodium ionization; these values were calculated for specific
values of the electron temperature of hydrogen filaments. Assuming that

Te = TLa and that the main electron supplier is hydrogen, we employed Table 5

given in (Ref. 7) to determine the hydrogen concentration in the ground state
oy which provided the electron concentration which was already determined.

The obtained concentrations of electrons and neutral atoms as a function of
Te are presented in Table 11 for different electron temperatures of hydrogen

filaments, This same table presents the effective thicknesses of metal fila-
ments, which were obtained by dividing the values of Nl’ taken from Table 10,

by ng.

Based on the data presented in Table 11, the conclusion may be reached /33
that the most realistic values for the electron temperature of metal filaments
ranges from 4000~5000°. 1In the case of Te < 4000°, hydrogen concentrations

in metal filaments become too large (nl » 1015), and for Te > 5000° they are

so small that the effective thickness of metal filaments is larger than the
thickness of the entire prominence. Therefore, we may specify the following
parameters for the physical conditions in metal filaments of bright prominences:
T, = 4000-5000°; n, = 109-1010; n, = 1012-1014; n = 106-109.

However, these estimates were obtained on the assumption that hydrogen is
only emitted in hydrogen filaments. Assuming that only half or 0.1 of the
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TABLE 11

7. :' n, n, [ h n, n, h ne n, h
| |
7800° 8000° 8500°
4000 7.8.108  8.5.10" 1.4.107  2.8.10°  1.0.10%*  1.2.105  4.4.10°  2.5.10%  5,3.10%
4500 8.9-10% 4.8.1010  2.5.10 3.1.100 5.0.108  2.5.10¢ 4.8.10° 1.2.10t*  1,1.107
5000 1.0-10° 2.2.10"  5.4.10¢ 3.3-10° 3.1-101*  4.0.108 5.2.10° 7.3-1012  1.8.108
6000 1.2.10° 1.0.10"  1.2.10n  4.1.10° 1.1.100 1.2.1010  6,3.10° 2.3-100  5.8.108
9000° 9500° 10 000°
4000 4.5-10° 3.0-10"%  4.5.10° 4.6-10° 3.1.101%  4.4.10% 4.7.10° 3.1-10%  4.4.10°
4500 5.0-10° 1.4.10% 9.7.10° 5.3-10° 1.4-101  9,4.106 5.6-107 1.5.101*  9.1.]108
5000 5.5.100 8.5-101*  1.6.-108 6.1.10° 8.6.10*  1.6.108 6.8.10° 8.6-1012 1.6.108
6000 6.8-10  2.5-10" 5.4.10° 8.4.10° 2.6.10" 5.3.10° 1.0-1010  2.6.101 5.2.10°
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observed energy of the hydrogen lines is emitted in hydrogen filaments, we
obtain almost the same parameters R, 0 and h, but the lower boundary of the

electron temperature of hydrogen filaments is displaced to 7500 or 7000°,
respectively. Under the conditions that Te =T = 4000-5000°; n, = 109—1010;

Ly
n, = 1012_1014, the degree of hydrogen excitation is too low, and radiation of

1
hydrogen in the metallic filaments is four orders of magnitude lower than the

observed radiation. Therefore, this study presents calculations in the form
of definite tables, which are compiled on the assumption that hydrogen is
mainly emitted in hydrogen filaments. According to the tables given in (Ref.
7), we may select a concentration of neutral hydrogen which provides an
electron concentration of o, = 1012 for the electron temperature of hydrogen

filaments of 8000°. If we know the concentration and number of hydrogen atoms
in the ground state, we may find the effective thickness of hydrogen filaments
of the prominences being studied. The quantities Nl’ n_, 0y and h computed

for the temperature T = 8000° are given in Table 2. The values of N2 which
are given in this table were obtained on the basis of the optical thickness

of the hydrogen lines.

A comparison of the data presented in Tables 9 and 10 shows that the
content of hydrogen, ionized calcium, and ionized sodium in metal filaments
of bright prominences is one-two orders of magnitude higher than in hydrogen
filaments.

Metal Filaments of Faint Prominences

There are only very limited possibilities for studying the metal filaments
of faint prominences. Only the lines H and K of ionized calcium may be
observed from the lines of the metals. 1In prominence I, these lines have a /34
composite profile, consisting of several profiles which are superposed upon
each other and each of which is displaced with respect to the other. 1In
prominence II, the lines H and K are overexposed. Since these lines could
not be analyzed with the requisite accuracy, we did not investigate them. The
profiles of lines H and K in prominences III and IV were analyzed according
to the Conway method. The results derived from the analysis are presented in
Table 6. It may be seen from the table that the optical thicknesses in the
lines H and K in faint prominences are small, and only amount to several units,
i.e., they are two-three orders of magnitude smaller than in faint prominences.
The turbulent velocities presented in the table agree fairly well with the
turbulent velocities of hydrogen filaments of faint prominences (see Table 4).
The heading (Ca'{)O in Table 6 designates the total amount of ionized calcium

atoms in faint prominences determined according to the optical thickness of
the lines H and K. The adjacent column gives the amount of jonized calcium
atoms which are only contained in the hydrogen filaments of these prominences.
They were determined from the hydrogen content at a temperature of 8000° and
from data on the chemical composition. These values almost coincide. If we
take the fact into account that the turbulent velocities in hydrogen and
metal filaments of faint prominences also coincide fairly well, we may reach
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the conclusion that the observed lines H and K of faint prominences are emitted
primarily in hydrogen filaments. This means that the calcium content (and
consequently the content of the remaining elements) in metal filaments of faint
prominences is considerably lower than in hydrogen filaments (in contrast to
bright prominences).
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RESULTS DERIVED FROM SPECTROPHOTOMETRY OF SEVERAL PROMINENCES

M. Yu. Zel'dina, A. N. Sergeyeva

Spectra were obtained for four bright prominences with
a dispersion of 0.85 A/mm. The kinetic temperature, Doppler
halfwidths and the population of the excited levels of atoms
of hydrogen, helium and metals are determined.

This article represents a continuation of spectrophotometric research on /36
prominences which was initiated several years ago at the Kiev Astronomical Ob-
servatory. The spectra were photographed on a mirror diffraction spectrograph
with a focal length of 6 m and a grid of 82 x 100 mm with a dispersion of
0.85 A/mm., The image of the Sun on the spectrograph slit was about 73 mm in
diameter, and the width of the slit was 0.045 mm. Rot-rapid plates were em-
ployed with a dimension of 12 x 24 cm, on which 13 sections of the prominence
spectrum were projected. Each of the spectrum sections had a dimension of
100 &, and the sections of the disc center spectrum had a dimension of 50 .
Photography was performed in the third series, and only Ha and D3 —— in the

second series. A yellow (YS-16), a green (SGS-18) and an ultraviolet (PS-11)
filter were employed. Exposure time was as follows: Ha —— 3 seconds, sodium

doublet —-- 10 seconds, green magnesium triplet -— 40 seconds, the remaining
lines in the visible region -- 15 seconds, and in the ultraviolet up to the
line Ti*x 3685 X -- 30 seconds. The spectrum of the disc center was photo-
graphed through a graduated optical wedge and a neutral filter (NS-9) with the
same exposure times as for the prominences. The entire program required about
6 minutes for a prominence, and 7 - 8 minutes for the disc center. The plates
were developed in a D-76 developer for 15 minutes at a temperature of 18°C,
Since the calibrated-standardized spectra and the spectra of the prominence
were on the same plate, they were processed under identical conditions. The /37
total diffuse light of the spectrograph was very small; it comprised about
0.2%.

The photometry of the negatives was performed on a MF-4 recording micro-

photometer under the following conditions: Transmission -- a factor of 50;
amplification -- a factor of 20; slit width —— 0.74 mm; slit height -- 3 mm;
recording rate —— 25 mm/min. The intensity curves were compiled from the mi-

crophotograms obtained by means of a semi-automatic "Intensigraph" device.

In order to exclude diffuse light, photometric cross sections were taken
above the prominence, where there were no emission lines. Since it was neces-
sary to correctly subtract the spectrum of diffuse light from the main spectrum
according to wavelengths, two sharp Fraunhofer lines were selected on both
sides of the emission line. These Fraunhofer lines were subjected to photo-
metry, together with each of the indicated spectra. By employing this method,
we were able to analyze the spectrograms of four bright prominences, in whose
spectra all the Balmer lines from Hy to Hj2 - Hpg, inclusively, were located,
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observed between June 8 and July 9, 1959.

well as many lines of helium and metals.

Date

6/8 1959
7/9 1959
10/28 1959
6/23 1960

Standard
Time
9h5om
9 40

11 00

9 25

TABLE 1
e . .. | Height
Fosition Bright- Above Edge Transparency
Angle ness of Sun
- - 30" Very good
65 E 3 20 Good
115 E 3 30 Satisfactory
245 W 3 |35 and 50 Good

Table 1 presents the date, the time of observation given in standard time,
the positionalangle from the north pole of the Sun, the brightness according to
(Ref. 2), the distance of the photometric cross section from the edge of the
disk, and the transparency characteristics of the atmosphere at the time of
observation.

Figures 1 and 2 present the profiles of all the prominence emission lines

When the spectrograms were analyzed,

the instrument profile was not taken into account; its total halfwidth in the

second series comprised 0.056 &, and 0.074 & in the third series.

The intensi-

ties are given in units of the continuous spectrum of the center of the solar
The central intensities of

disk.
the lines are also presented.

The wavelengths are given in millimicrons.
For purposes of convenience, the profiles are

presented so that they have the same height and the same scale along the ab-

scissa axis.

Ha may be clearly distinguished from all of these lines.

It is

two times wider than HB’ whereas its central intensity differs by only 10-30%.

The profile of Ha has two humps, and HB has a flat apex.

humps in the K Cat line.

There are two slight

/38

The majority of the lines in the prominence spectrum have a Gaussian pro- /39

file

I,=1,e"".

Therefore, their Doppler halfwidth was determined from the following equation
Adp=1.20AN, ,
2

where Ary is half of the line halfwidth.
2

The brightest lines are distorted by self-absorption, and their profiles

may be represented by the following formula

where T

0

,ozlo

1—e—e™ ™

1—e=%

is the optical thickness of the prominence in the center of the line.

Self-absorption was taken into account by the methods described in (Ref. 3).
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Figure 1

Profiles of the Emission Lines in the Spectrum of a
Prominence Observed on June 8, 1959,

The optical thicknesses obtained are given in Table 2. The first column pre-
sents the parameters determined by means of the halfwidth curve (determined for
all the lines at once); the second column gives the parameters determined ac-
cording to the profile width in six cross sections of each line separately. It
may be seen from the table that the relationship between the optical thickness-
es,determined by the second method for the Balmer lines and the H and K cat
lines, does not correspond to the number Af -- the product of the wavelength by
the oscillator strength. In addition, this method frequently yields Doppler
widths for Ha and H6 which are too high as compared with AAD/A, obtained ac-

cording tothe profiles of the higher terms of the Balmer series. Therefore,
observations of the emission lines were analyzed with allowance for Tyo which
were determined according to the halfwidth curve.

When this method is employed, it must be noted that very large optical
thicknesses are obtained for the prominence in the H and K Cat Iines -~ on the
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Figure 2

Profiles of the Emission Lines in the Spectrum of a
Prominence Observed on July 9, 1959,

order of a thousand. However, they are apparently close to the real values,
since the relative content of calcium atoms in this case corresponds to their
abundance in space. If we assume that the electron temperature equals the
mean kinetic temperature (7000°) and at the same time equals the temperature of
La—radiation, we obtain nz/nl = 1.8:107/ for hydrogen. According to the data

1.4'106, and then 0.
a

= 2.4 n,, if we assume that all of the calcium in

presented in (Ref. 5), nH/nCa = 3.9 n, in the case of

=n,. In our case, n
b 1 ’ “Ca
the prominences occurs in a state which has been ionized once.

N, N. Morozhenko (Ref. 1) also obtained a prominence optical thickness in
the H and K Cat lines on the order of one thousand. She determined T based

on the optical thickness of prominences in titanium lines and based on data on
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TABLE 2

T, B T
Promi- |—r—— " |AM ! | s\p
s | @ P 5
nence  |H, !Ha Hels (31 3 0 ug | ke [ 10| N
-4

6/8 1959 44 58 2009 34 7.0 91 182 1.3 1.8-1014
14 522504 3.6 5.8 32 50 21 0.9-1013
7/9 1959 22 301.005 37 39 | 457 914 1.3 0.9-1014
14 4009 06 39 3.5 35 45 24 1.0-1013
10/28 1959 17 2.3 0.8 04 4.5 3.6 23 46 42 1.5-1013
7 211608 45 5.0 16 25 4.5 1.0-101
6/23 1960 16 2207 03 37 28 | 480 960 1.4 1.0-1014
ode 1 - 251210 37 3.6 25 06 29 0.7-10t2
Node 2 21 291004 37 37 | 480 960 1.4 1.0-1014
— 150100 40 33 ) 40 20 4.3 1.7.1013

the chemical composition of the Sun. In addition, she employed the observed
lines of the ultraviolet doublet of ionized calecium AXA 3706 and 3737 R, whose
lower level 42p is the upper level for H and K.

It follows from Table 2 that self-absorption attenuates the Ha line by a

factor of 10 - 20, and the H, line by a factor of 2 - 4; the HY and H. lines

B 8
are also somewhat attenuated. 1In general, the phenomenon of self-absorption is
even observed for the lines H, - H.,. The H and K Ca™ lines are attenuated up

9 11
to 300 times; only for a prominence observed on October 28, 1959, was the at-
tenuation small ~- only 2 ~ 3 times in all,.

Employing the expression Ty = kON, we determined the population of the

lower level of hydrogen atoms and of ionized calcium along the line of sight.
The values obtained are given in Table 2, They comprise 4.2-1013 and 1.0'1014,
regpectively, on the average for four prominences.

The results derived from analyzing observations of all of the emission
lines are presented in Table 3. The central intensities pertaining to the con-
tinuous spectrum of the disk center, the total halfwidths, the Doppler half-’
widths, the equivalent widths expressed in milliangstroms of the continuous
spectrum of the disk center, and the number of excited atoms along the line of
sight are given for each prominence. The number of excited atoms was calcu-
lated according to the following formula

. 4ﬂ[@

N,=—2=A4
" Amﬂhv ¥

where AA is the equivalent width of the line, corrected for self-absorption

when necessary.

The quantities AAD/A obtained on the basis of each profile separately are

given for the Balmer lines. It may be seen from Table 2 that,on the average,

32



TABLE 3 [142

o ’ o Ak [
A A —£.10t | 2a), A D105 A,, mA Np-107°
l@ 3 1y
Prominence 6/8 1959
6563 H 6.2 0.92 40 69 340
4861 45 0.48 3.6 22 122
4340 2.2 0.33 3.1 7.3 66
4102 1.6 0.26 3.6 47 76
3970 1.2 0.22 35 29 90
3889 0.62 0.25 39 1.7 94
3835 0.50 0.24 40 1.3 122
3798 0.23 0.24 338 0.56 92
3771 0.96 0.24 39 0.58 126
3750 0.17 0.21 3.3 0.40 124
3734 0.076 0.24 39 0.33 160
3722 0.070 0.17 28 0.13 88
3712 0.054 0.19 31 0.09 88
5876 He 29 0.18 1.8 5.6 1.0
4471 0.16 0.15 20 0.26 0.17
3889 0.26 0.17 2.6 0.44 0,51
5896 Na 0.31 0.14 14 0.43 0.088
5890 0.59 0.14 1.4 0.97 0.20
5184 Mg 0.42 0.12 1.4 0.54 0.13
5173 0.22 0.14 1.6 0.31 0.12
5167 0.13 0.069 0.80 0.14 0.16
3838 0.35 0.11 1.7 0.40 0.020
3832 0.22 0.12 19 0.27 0.015
3968 Ca+ 2.1 0.22 1.3 49 15
3934 2.9 0.24 13 5.9 32
3761 Ti+ 0.10 0.10 1.5 0.39 —
3759 0.44 0.10 15 0.43 0.024
3685 0.46 0.10 1.7 0.47 0.014
3720 Fe 0.11 0.12 2.0 0.13 0.23
5169 Fet 0.14 0.079 0.90 0.12 0.012
4078 Sr+ 0.15 0.093 1.4 0.14 0.013
Prominence 7/9 1959
6563 H 43 0.88 3.8 46 127
4861 3.9 0.51 40 21 74
4340 1.2 0.32 38 40 27
4102 0.92 0.29 42 2.7 40
3970 0.85 0.95 39 25 65
3889 0.55 0.25 39 1.5 75
3835 0.27 0.25 40 0.69 60
3798 0.18 0.24 39 0.46 72
3771 0.13 0.22 37 0.30 66 /43
3750 0.10 0.24 3.9 0.27 85
3734 0.12 0.22 36 0.25 119
5876 He 1.4 0.27 27 42 0.75
4471 0.076 0.19 15 0.14 0.11
3889 0.19 0.15 24 0.32 0.37
5896 Na 0.47 0.18 1.8 0.74 0.15
5890 0.72 0.12 1.3 1.2 0.24
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34

A A

5184
5173
5167
3838
3832

3968
3934

3761
3759
3685

3860
3737
3734
3720

5169

6563
4861
4340
4102
3970
3889
3835
3798
3771
3750

5876
4471
3889

5896
5890

5184
5173
3838

3968
3934

3761
3759
3685

4861
4349
4102
3970
3889
3835
3798
3771
3750
3734

Mg

Cat

Ti+

Fe

Fet

He

He

Na

Mg

Cat

Tit

©
0.66
0.44
0.073

0.24
0.17

1.7
1.8
0.37
0.39
0.49

0.21
0.12
0.048
0.18

0.28
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Continuation of TABLE 3

° A .
2AM, A ‘%2-105 Ay, mA
2
0.12 1.4 0.89
0.14 1.6 0.66
0.14 1.6 0.10
0.11 1.7 0.29
0.11 1.7 0.17
0.25 1.3 47
0.25 1.3 5.7
0.087 1.4 0.39
0.095 1.8 0.42
0.081 1.3 0.54
0.11 1.7 0.21
0.086 1.4 0.11
0.087 1.4 0.043
0.078 1.3 0.17
0.15 1.9 0.42
Prominence 10/28 1959
1.10 5.5 54
0.50 45 16
0.37 39 6.2
0.37 48 43
0.30 45 2.1
0.27 42 0.98
0.36 4.5 0.74
0.29 4.6 0.48
0.34 54 0.32
0.21 34 0.27
0.32 33 11.0
0.18 3.0 0.58
0.17 2.6 0.55
0.28 2.8 0.44
0.20 2.1 0.60
0.21 25 0.61
0.21 2.4 0.26
0.14 2.1 0.15
0.38 42 5.3
0.46 42 7.6
0.16 26 0.24
0.17 27 0.28
0.15 2.4 0.26
Prominence 6/23 1960
Node 1
0.40 35 12.5
0.29 3.3 54
0.27 3.8 3.7
0.25 3.8 3.2
0.22 3.4 1.8
0.25 4.0 1.0
0.23 3.6 1.1
0.27 4.3 0.60
0.24 3.8 0.47
0.26 4.1 0.46

Nj-107*

0.22
0.26
0.18
0.014
0.0096

67
163

0.023
0.016

0.65
0.0096
0.30
0.045
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3722
3712
3704
3697
3692
3683

5876 He
4471
3889

5896 Na
5890

5184 Mg
5173
3838
3832

3968 Cat
3934

3761 Ti+
3759
3685

3860 Fe
3737
3720

4078 Sr+

4861 H
4349
4102
3970
3889
3835
3798
3771
3750
3734
3722
3712
3704
3697
3692
3683

5876 He
4471
3889

5896 Na
5890

5184 Mg
5173
3838
3832

3968 Cat
3934
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0.16
0.13
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0.14

0.069
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0.30
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Continuation of TABLE 3

Ny 1070

9250

210
140
260
240
200

0.88
023
0.53
0.050
0.074

0.033
0.042
0.017
0.012

115
214

0.036
0.022

11
059
0.033



Continuation of TABLE 3

I L] l -
A A =€ .10t 2A%,, A _A_Q.ws A,, mA Np-107®
QD 3 X
3761 it 041 015 924 070 —
3759 0.47 0.16 24 0.78 0.043
3685 0.49 0.18 3.0 0.92 0.027
3860 Fe 0.23 0.14 1.8 0.33 1.0
3737 0.16 0.076 1.2 0.14 —
3720 0.35 0.10 1.7 0.42 0.74
4078 Srt 0.12 0.22 3.2 0.23 0.022

for the series, the value of this parameter is fairly close to AAD/A, deter-
mined on the basis of the halfwidth curve.

The Doppler widths, obtained by these same methods for the H and K lines /46
of ionized calecium, differ from each other by a factor of 2 — 3. On the aver-
age, the Doppler width of the hydrogen line equals 3.8'10'5, of the helium

line -- 2.5+1075, and of metal lines --
WAV 1.9-10~3, The lines of H and K Cat in
2¢ the spectrum of a prominence observed

on October 28, 1959, were excluded in
the calculation, since they were 2 — 3
times wider than all of the remaining
lines of metals.

The kinetic temperatures and turbu-
lent velocities were determined graphic-
ally, for hydrogen, helium, and metals

.Met?ISAEF 1 together (Figure 3), and also for the
0 05 It lines He, and Hg, H_ and H Cat by pairs.
Figure 3 The follow1ng formula was employed for
the computation
Determination of Temperature and Ap _ 1 //fixﬁiL 9
Turbulent Velocity According to x c l po

All Elements for Prominences:
1 -- 10/28 1959; 2 —— 6/23 1960

(x =~ Node 1, e —— Node 2);
3 —— 7/9 1959; 4 —- 6/8 1959.

under the assumption that the turbulent
velocity and the kinetic temperature
were the same for all the elements.
Table 4 presents the results, It may be
seen from the table that the kinetic
temperature of prominences equals 5000 -
9000°, and the turbulent velocity is 4 — 7 km/sec. The parameters determined
according to H and H cat for a prominence observed on October 28, 1959, dif-
fered from theSe values due to the large width of the H Cat line.

The kinetic temperatures and turbulent velocities which we obtained, as [47

well as other parameters, characterizing the state of matter in the prominences,
are close to the corresponding values presented in (Ref. 4). This points to
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TABLE 4

Prominence Tkin Uy, 10—5 Tkin Uy 10—5 Tkin Uge 10—5

H_ and HCa+ HS and He

€ z

6/8 1959 5400° 39 3500° 6.8

1959 6500 39 5700 54

10/28 1959 1500 12.6 9700 46
6/23 1960

Node 1 6300 42 5000 6.4

Node 2 6300 4.2 5000 6.4

the general nature of physical conditions in different prominences.
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MECHANISM OF HYDROGEN EXCITATION IN PROMINENCE SURGES

M. S. Geychenko

The steady state equations are solved for the 3rxd,
4th and 6th hydrogen levels of surges. The populations
of these levels were obtained in (Ref. 2 — 3), The
values of the electronic concentration n, are calculated.

The mechanism of excitation of the 3rd, 4th and 6th
hydrogen levels in surges is photospheric radiation and
radiative recombination. This is determined by the
absolute magnitudes of the terms of these equations.

Up until recently, the mechanism of gas excitation in prominence surges

was not understood. The phenomenon of prominence surges was always related to
flares (Ref. 6). Since the problem of flares is still far from being solved,

an investigation of prominence surges is of great importance. This article
proposes a method for determining the mechanism of hydrogen excitatiom of
prominence surges. The method is based on a quantitative analysis of the

148

steady state equations for the third, fourth, and sixth energy levels of hydro-
gen. The basic data employed are the previously determined (Ref. 1, 11) ratios
between the populations of the nk/n2 (k = 3, 4, 6) hydrogen levels of 20 promi-

nence surges (10 in absorption and 10 in emission). When the equations were

formulated, photorecombinations, absorption of photosphere radiation (transitions
from the lower levels to the given level), spontanecus transitions to the lower

levels, and photoionization were taken into account. The steady state equa-
tions for the 3rd, 4th and 6th levels, divided by n,,

in the notation which is customarily employed (Ref. 10)

n; 0 n n n
—= R3+P23323 + Z —+ Aka =2 (A31+A32) + ;3—03;’; (1)
n, aos 2 n, 2
3 6 3
flz -l ”‘k o Ny A __ n4 A +*’E4—C . (2)
— R+ }_J——Pkin4+)J'_‘ kl_‘TE ik PR
ny poo 2 s 2 2 o 2
n? - ny < s o
_“Rs + Z — P B = — 2 Agp + —Cye 3
n n n ny
t k=2 3 2 k=1

The desired quantities are n, and Te' These equations do not include terms

which correspond to electron collisions of the first and second kind, ioniza-

have the following form
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tion by electron collision, Lyman photospheric radiation, "triple'" recombinations,

and transitions to lower levels under the influence of the radiation field. The

fact that the Lyman photospheric radiation in the L_, L and Le lines is dis-

B 7y
regarded may be explained by the fact that they are very faint, and
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measurements of them are extremely unreliable (Ref. 12). A simple investiga-
tion shows that transitions tothe lower levels under the influence of the radi-~
ation field do not play a significant role in the population of the levels
under consideration.

In order to determine the magnitude of the electron collision of the first
kind when these levels are populated, we shall establish the upper limits for
the values of n, and Te for prominence surges. For this purpose, we shall com-

pare the spectra of flares and prominence surges. The spectrum of a flare is
always an emission spectrum, and the prominence surge spectra on the disk are
absorption spectra. At the edge, they are emission spectra both for the cus~-
tomary prominences and for quiet prominences. The population of the hydrogen
levels in flares is two — three orders of magnitude greater than for promi-
nence surges and for quiet prominences. A comparison was drawn between the
latter in (Ref. 1, 2, 5, 9, 11). As studies have shown (Ref. 7, 8, 13, 15),
the values of n, = 1013 and Te = 10,000° are characteristic for flares, but

are not encountered in prominences. Lower values of these parameters may be
found both in prominences and in flares. Electron collision of the first kind
(Ref. 7, 8, 14) plays the predominant role in the hydrogen excitation mechanism
in flares. In addition, theoretical calculations have shown that -~ if the hy-
drogen electron temperature Te equals 10,000° —- electron collision is the de-

cisive factor in excitation of the levels. It is therefore apparent that only
electron collision may provide a high population of the hydrogen levels in

flares and, consequently, their emission spectrum. This comparison would seem
to indicate that electron collision of the first kind does not play a predomi-
nant role as a mechanism of hydrogen excitation in prominence surges, as is the
case in flares. Calculations have fully substantiated this. Quantitative

calculations deliberately employed exaggerated values of the parameters n, and

Te (ne = 1013 and Te = 10,000°) for prominence surges; these values may be re-

garded as the upper limiting values of these parameters in this case. The
relative values of terms in equations (1) — (3), which took into account elec-
tron collision of the first kind, were also determined. For purposes of com~ /50
parison, it is advantageous to take the term in the equation under considera-~
tion which corresponds to spontaneous transitions, since it is only cal-
culated on the basis of observational data. When calculating terms in the
equations which correspond to transitions under the influence of electron
collision of the first kind from the first level to the given level, we must
keep the fact in mind that they are very sensitive to a temperature change.
Calculations have shown that the ratio between them and the value of the com-
parison term is close to unity. The remaining ratios, which include terms
corresponding to electron collision of the first and second type as well as
ionization under the influence of electron collision, are two — three orders
of magnitude smaller than unity. These calculations made it possible to dis-
regard quantities corresponding to electron collision in equations (1) -

3).

As was shown in (Ref. 4), terms corresponding to "triple" recombina-
tions, which were not considered in equations (1) — (3), greatly exceed the
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TABLE 1 TABLE 2

o 3) 1025 Re . 3
T., °K I R 107 , R;-101 , Réa).w n m R
5000 2.30 271 118 1 2.44.107%
6000 185 2.34 127 2 2.9.107%
7000 1.53 2,7 135 3 2 81077
800J 1.29 1.80 1.40 4 1.5-107%
9000 1.1 1.64 1.48 5 5.8.107%
10000 0.98 1.47 1.51 6 1.4.107%

values of terms corresponding to photorecombinations for the case of promi-
nences (of customary quiet prominences), beginning with the 4th level. The
sixth level is the highest level of those examined in this study. Table 1 pre-
sents the coefficients of "triple'" recombinations for this level, calculated

according to the formula given in (Ref. 4)

. m er
R}:’::'*i—)Q'—7:2—{2.3-10'20[8'“——2/\751 (4x)]+ )
(”%
+3.8-10-# (0 07+x~") =% — (3.07+x~") e~*]},
where m is the basic quantum number of the given hydrogen level; my is the
basic quantum number of the ionized continuum level;
Xo [ 1 1 (5)

x='k_f(—n§—_7@)‘
The values of oy computed by different methods, range from 40 — 65, and /51
depend on n,. In the case of m = 6, it is apparent that x does not depend on
n_, since (m/mo)2 <«<1. Consequently, the second term in the parentheses of
(5) may be disregarded. This means that RéB) depends slightly on n,, and this
dependence may be disregarded. As follows from Table 1, R(3)

m
portional to Te. This table presents the photorecombination coefficients for

is inversely pro~

the same values of the temperature Te' When the temperature Te increases by a
factor of two, the ratio between the coefficients increases by only a factor of

1.3. Therefore, it may be assumed that R6/Ré3) equals the mean value

—Rf;‘)- =1.3-10", (6)
s
Let us investigate the relationship between the term in equation (3),
corresponding to photorecombination, and the term corresponding to
"triple" recombinations, which was omitted in this equation

2R R, _ 1.3-101 (7

33 3
BRI " mRP T n,
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It may be seen from this relationship that the role of "triple" recombinations

increases for m = 6, as compared with photorecombinations when only n, increases,

. . s 13
for m = 4, the role of these recombinations increases for the case n, = 1077

for m 3 it 4increases for the case ne = 1015 (Table 2), Since it cannot
be assumed that n_ = 101> is tenable for prominence surges, the fact that

the term corresponding to'triple" recombinations is disregarded in equation (1)
has only a slight influence upon the accuracy with which this equation is
solved. Therefore, the value of o, obtained from equation (1), may serve as

a control for the values of o, determined according to equations (2) and (3).

In equations (2) and (3), there is less basis for disregarding terms correspond-
ing to "triple" recombinatiomns, and this is only possible for n_ < 1011, How-

ever, since 1011 ig typical for prominences, the "triple" recombinations may be
disregarded in these equations. The photorecombination coefficients Rm change

very little in the temperature range 5000 - 10,000°, which is admissible for
prominences (see Table 1). Therefore, we may take the mean values for R3, R4
and R6' As a result, each of the equations (1) — (3) will contain only one un-
known -- n,. The value of ng/n2 may be obtained on the basis of the three
equations (1)— (3) for the case of absorption (Table 3). The value of ni may /52

be obtained for the case of emission (Table 4). Tables 3 and 4 show the fairly
good agreement between these values.

TABLE 3
2 2 2
Plate E-]O_” Tt e.10-1®
No. n ' n, n,
€q. (1) eq. (3) eq. (2
988 2.39 0.03 0.96
988 3.44 0.09 0.63
988 0.86 0.08 0.49
916 1.49 0.04 0.48
916 1.62 011 0.18
916 1.75 0.05 0.55
974 072 0.07 0.10
974 0.59 0.06 0.18
737 193 0.09 0.76
714 2.48 0.00 0.18
188 1.40 G.00 0.52
222 1.40 0.00 0.41

If we know the population values for the 3rd, 4th, and 6th hydrogen levels
p
for each of the prominence surges under consideration (or the ratio /n.)
y P )

and the values of the electron concentration ne (or ne/nz), we may determine

the predominant excitation mechanism for the given level of each prominence
surge. For this purpose, we must calculate the values of each of the terms in
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equations (1) — (3).

2 10~2 2 qn--22
Plate | 71077 | m1077 4
No. eq. () eq. ©® )
7710 1.41 1.30 0.3
8§72 1.u3 1.22 0.5
863 0.91 1.13 0.3
8§62 1.27 6.70 1.4
797 0.93 0.74 0.4
205 4.17 11.10 1.3
219 0.€0 5.90 1.4
190 0.46 4.56 1.1
104 1.14 — 0.6
108 - 0.85 1.0

photorecombinations are the excitation mechanism of the 3rd, 4th, and 6th hy-
drogen levels in prominence surges. For several prominence surges, the photo-
recombination mechanism is negligibly small.,

Thus, the agreement between the physical parameters and nature of hydrogen

excitation for different prominence surges point to the similarity in their
physical nature. We must lay particular stress on the similarity between the
emission and absorption prominence surges.
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ON THE MECHANISM OF EMISSION BORDER FORMATION IN FILAMENTS

R. T. Kostik, T. V. Orlova

Additional excitation of the chromosphere by photo-
spheric radiation reflected from a filament is considered
as one cause of emission border formation. A formula is
obtained for estimating the border brightness. At the
same time it explains the principal data (increase of
border contrast at the center-limb passage, decrease of
border intensity with filament height above the photo-
sphere). The estimated values of the border brightness
are in good agreement with the observations.

During the observation of filaments in the Ha line, it was noted that many /54

of them have an emission border. The most comprehensive discussion of this
problem was presented in a study by E. A. Gurtovenko, and A. S. Rakhubovskiy
(Ref. 3). On the basis of a detailed examination of filaments with a border,
which were observed during the IGY on a AFR-2 telescope of the Main Astronomi-
cal Observatory of the USSR Academy of Sciences, Gurtovenko and Rakhubovskiy
reached the following conclusion (Ref. 3):

(1) The border is observed only from the side of the filament which faces
the center of the solar disk;

(2) The border contrast increases from the center to the.edge of the
solar disk, where it has its maximum brightness;

(3) As a rule, the border is the most intense in lower prominences which
come in contact with the chromosphere over almost their entire lengthj;

(4) The border is located in the chromosphere under the filament;

(5) A1l filaments in which a border is observed have bright prominences
where the limb leaves the disk;

(6) A border is a "usual phenomenon, rather than an unusual one, which
p
accompanies a filament",

On the average, the border brightness at the heliocentric distance sin 0 =
= 0.9 comprises 1.13 of the brightness of an unperturbed chromosphere (from
1.03 to 1.25) (Ref. 3). Gurtovenko and Rakhubovskiy proposed that one of the
possible mechanisms for the border formation is ohmic energy dissipation of
the magnetic field of the filament or the prominence. We feel that there may
be another possible explanation of the border formation mechanism. Photo-
spheric radiation, reflected by the filament, produces an additional excitation
of the chromosphere, and may cause the formation of the emission border, The /55
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purpose of this article is to determine the additional excitation and to cal-
culate the border brightness.

According to the following formula
to
Lt 0= | BB et m
0

we may determine the intensity of radiation reflected diffusely by the filament
toward the chromosphere (sec © = 1). We may determine the source function
Bl(t) from the basic integral equation given by the theory of radiation diffu-

sion
o
)\ 7 __/ ’
Bl<t)=5581<z)1<<1t 1y de+g (),

0

(2)

where A is the probability that the quantum may survive during an elementary
scattering event; t, -- optical thickness of the filament; o(x) -- dimension-

. . . —x2 . .
less absorption coefficient (a(x) = e ); 4mg(t) -- strength of the radiation
sources;

+oo
K(f) = A S o (x) E, o (x) 1 dx;

L4

2
E, (x) = 5 e—*sec bgin B sec BdO,

0

o

ASa(x)dx:l.

P

It may be readily seen that we have the following for our case

4o

g() =2 S 1o (%) Es [0 (3) (fo— )1 2 () di,
2V =
where w is the dilution factor; I (x) -- is the intensity of photospheric /56

radiation in the center of the solar disk in the line Ha (AAD = 0.460 K);

T

2
Ey(x)= je—mc 8sin O40.

1]

Equation (2) may be rewritten in the following form
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By () =2 fsa')mt vlyde -+
(3

+eo

+ 2--'-/«- Iy (x) Eylo (x) (f4—1t)1 2 (x) dux.

This equation was solved by the numerical method for values of t0 equalling

oo

5, 20, 30, 40, consecutively. The calculations were performed on a M-20 com-

B(Y 8(t)
aiz, 0.720 vonc
o ¢ ** M o'... e
L] * ¢ : ...
Lt &5 a0 ..n £p=3
Ll_.,_lw___ j PSS FU . ’_.J
1273 4 5t 67T W % w0t
32{, B8(t)
0125 a0 .
‘EI. L]
“ R ko
ooi0r et it R
L .
:,_. | IR SRS SR N S ._..._l_._}_;-__l_.__l__l—.
4 8§ 1= 1B 2t 8 18 % 2 t

puter. The dependence of the source function upon the optical depth is shown
in the figure. It is very interesting to note that the function B (t) de~
creases, beginning with certain values of t for large tg.

The intensity I(t,, x), computed according to formula (1), causes addi-

tional excitation of the chromosphere under the filament. In its turmn, the 57

filament produces additional luminescence of the chromosphere, which may be
observed in the form of the emission border. The border intensity may be
found from the following expression

%o

[2 (101 to, 8) x) = 5‘ Bz (T) a (X) sec 88_ (o=} a (x) sec d dtl (4)

(o}
wnere B2(T) is the "additional" source function; T, —— optical thickness of

the chromosphere in the radial direction.

It may be shown that the following equation is valid for values of t which
are not very large (on the order of several units)

B, (x)=a-+br. (5

After integration of equation (4), with allowance for equation (5), we finally
obtain
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I f,‘!, 8, xX)j=la— —mm
2 (for% ) [ a(x)secO

We may determine the function BZ(T) similarly to Bl(_t) according to the
following formula

Bz(r)=%f3;(v')1<(|r—r'|)d-'+

b
Pl (7

4 é_)‘_l/z%i] (ty, x) Eyla (x) (ro—%)1a (x) dx.

Substituting equation (5) in formula (7), and assigning values of T, and 0 to

T, we obtain a system of equations with respect to a and b:

) ; (8)

To

a-l-bry = %a YK(TO—T’) dv’ + %bSK('ro—'c’) v'dv’4-g (0).
L o

We may determine the function
4

g(x) = E%Sl(to, x)a(x) E;la(x)tldx

by the numerical method (A = 1). The values of K(t1) were taken from the com- /58
putations of V. V. Ivanov. In order to compare the calculated border bright-
ness with the observed border brightness, we must take into account the pro-

file of the pass band of the IP-filter of the AFR-2 telescope of the Main As-
tronomical Observatory of the USSR Academy of Sciences (Ref. 1), as well as the
darkening of the solar disk toward the edge (Ref. 2). In other words, the
following ratio

j[mi M L () + i) 1 (4, w0, B, 1) dA

Tw T ’ €))
j‘ mi (&) Iy (R) dh

must be compared with the observed ratio; this ratio represents the border
brightness with respect to the contiguous unperturbed chromosphere. In expres-
sion (9), i()) is the profile of the Institute of Applied Physics pass band;

m —— the coefficient corresponding to the solar disk darkening toward the

edge. The table below presents the numerical values of this ratio for differ-
ent t,, T, and w in the case of sin 0 = 0.9, As may be seen from this table,

the calculated values of the border brightness agree quite well with the

46



ey
™

. observed values (we should recall that
to for different filaments the observations
give border brightness values which

5, 2 ‘ %0 10 range between 1.03 — 1.25 units of the
- - contiguous unperturbed chromosphere).
w=0.2 In addition, the mechanism which has
2 103 1.06 1.07 1.08 been advanced makes it possible to ex-
5 1.5 1.07 1.08 1.11 plain other peculiarities of this phe-
»=0.3 nomenon which were observed. Thus, it
2 1.05 1.09 1.10 1.12 directly follows from formula (6) that:
5 1.07 .11 1.12 1.16
w=0.4 (1) The border contrast increases
2 1.07 .12 1.15 1.17 from the center of the solar disk to the
5 1.08 1.15 1.16 2.21 edge (i.e., with an increase in the angle
0);

(2) The border is most intense for
the lower prominences, since the numerical values of the coefficients a and b
are directly proportional to the dilution w [see formula (7)].

It may thus be assumed that photospheric radiation which is reflected by
the filament may produce additional illuminescence of the chromosphere, which /59
may be observed in the filaments in the form of an emission border. The numeri-
cal values of the emission border brightness, which are given in the table,
represent a lower limit, since we assumed that the radiation reflected by the
filament is only scattered in the chromosphere. In reality, the photosphere
participates in the scattering, i.e., the scattering takes place in a semi-in-
finite medium. Allowance for this fact does not greatly influence the final
results, since the coefficient of continuous absorption plays a significant
role in the photosphere. Therefore, the probability of quantum re—emission in

the Ha line is very slight.
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RESEARCH ON CALCIUM LUMINESCENCE IN A GREAT CHROMOSPHERIC FLARE
K. V. Alikayeva

The paper deals with ionized calcium luminescence in
the chromospheric flare of July 12, 1961. The central
parts of the H and K line profiles are broadened by non-
thermal random velocities, and in the wings by non-
Maxwellian velocity distribution. The change in electronic
density, temperature and effective length of the calcium
filaments with time is determined.

In July, 1961, a large group of spots, No. 198, passed over the solar disk. /60

This group produced a large number of flares of different classes, including

three flares of class 3t. One of these powerful flares was observed on July

12, 1961, at the Main Astronomical Observatory of the USSR Academy of Sciences.

It was preceded by several sub-flares of class 1; these sub-flares occurred

at the same position where a large chromosphere flare lasting about two hours
subsequently flared up. The flare was visible in a chromosphere telescope in

the Ha line, in the form of two bright filaments; the distance between these

filaments increased as the flare developed (this flare was described in greater
detail in [Ref. 1, 3]).

The spectrum was simultaneously recorded on a spectrograph. The spectro-
graph slit intersected the brightest and most stable portion of the flare, in
which the metals emitted most intensely, This node was quite bright, while the
flare as a whole was already becoming "extinguished'". A drawing was made of
this active region, based on the photoheliogram obtained on July 12, 1961, at
the the Crimean Astrophysical Observatory, and the position of the spectro-
graph slit was plotted during the recording time (Figure 1).

A series of spectrograms was obtained /61
during the entire development of the

flare in several spectral sections.

This was the region of the lines

D3, 5183.6 A, H and K, Ha’ H9.

Fmission lines of hydrogen, helium,

and metals were visible in all the
spectrograms on the background of the
Slit spectrum for the spot and the penumbra.
The intensity of the ionized calcium
lines H and K could be distinguished
particularly well. At certain times,
their intensity exceeded the con-
tinuous spectrum intensity of the
center of the solar disk by a factor of
more than three. A photometric ana-
lysis was performed for two nodes of
the flare. Node A was located above

Figure 1

Drawing of the Group of Spots
No. 198 and Flare on July 12,
1961, Based on a Photohelio-
gram and a Filtogram
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the spot penumbra, and node B was located above the spot (their position is
indicated by arrows in Figure 1). Node B of the flare was weaker than node A,
and it started to develop later, when the flare had subsided at node A.

Spectrograms in the region of the lines H and K were obtained at the
following times for two nodes of the flare:

Node A: 10h 25m UT Node B: 10h 52m gr

10 37 10 57
10 45 11 15
10 57
11 02
11 15

In addition, the lines Ca II A 3706 A and 3737 & were recorded for node B at

the times 10P57™ and 11h15™ in the auxilary chamber of the spectrograph.

These lines were formed by transition from the level 5S to the levels 4Py and
2

4P3 » which were the upper levels for the H and K lines.

z Emission lines of metals (primarily lines of neutral iron, and the
Co A 3935.91% line) were clearly visible close to the brightness maximum of the
flare in the wings of the H and K lines. A line of rare-earth element Dyt A
3931.59 A was recorded in a spectrogram, which was obtained at 10h25®, in the
blue wing of the K line.

Profiles of the Flare Emission Lines

Line profiles for the flare and the "background" were compiled in units of
the continuous spectrum of the solar disk center. Spectrograms of this active
region, which were obtained one and one half-two hours before the flare, were
employed to compile the line profiles of the spot and the spot penumbra.

The H and K lines have wide wings, and the profile w1dth changes as a
function of time as follows: at the mode A —— from AA % 5 A at 100251 to /162
1.8 & ac11R15%; at the node B —- from 5 & at10P520 to 2.6 % at 11P15". The
profiles were somewhat wider above the spot than they were above the penumbra.

At the time 10725, it was not possible to analyze the line Ca II H, since the
H_1line was so wide (AX > 7 K) that its blue wing was superposed on the H line,
even distorting the blue wing of the latter.

All the profiles of the lines studied were asymmetrical, including
AX 3736.9 and 3706.0. The red wings were somewhat more extended and more in-
tense. The Ca II A 3736.9A line blended with the line of iron A 3737.1&. In )
arder to remove the influence of this blending, the assumption was advanced that
the Fe line was symmetrical. The reflected red wing of the Fe line was then
computed from the red wing ot the Ca II line. Even when the blending was
taken into account in this way, there was considerable asymmetry in the calcium
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line. 1If the occurrence of a more intense red wing in the iron line were
assumed, this would only intensify the asymmetry of the A 3736.9 % line. A1l
subsequent analyses were performed with allowance for only the blue wing of the
H and K and A 3736.9 & lines.

TABLE 1
Node A .| NodeB. ______
Time \ vy vy Time l vy ' vy Uaga1
_ L. o
h m m
1025 43.0 44.5 105" 1.9 423
10 37 +2.0 ~+2.5 10 57 +1.5 +3.0 —-3.0
10 45 0.0 —4.5 11 15 0.0 0.0 —3.0
1057  +2.3  44.0
11 02 +3.0 +7.0
11 15 -+1.5 +2.5

The cores of the lines being studied were displaced slightly, primarily
toward the red side. Table 1 presents the radial velocities (in km/sec)
corresponding to these displacements. As may be seen from the table, the
radial velocities were smaller above the spot than they were above the penumbra.
In addition, the radial velocities, which were determined according to the K
line, were systematically larger than the velocities calculated according to
the H line. This indicates that the cores of the K and H lines were formed in
an optically thick layer at different altitudes. Since the optical thickness
for the center of the line H is twice as small as for the line K, the emission
for the latter reaches us from a flare layer which is closer to the surface.
The flare is examined at a somewhat deeper level for the line H. Therefore,
it may be assumed that the velocities decrease with depth.

Tt is very likely that both of these facts (more intense and more ex- /63
tended red wings and displacement of the lines to the red side) are inter-
related and represent the occurrence of one type of motion of matter in the

flare -- contraction.

The line profiles shown in Figure 2 were obtained at the time 10045® for
the node A, and at 10h57™ for node B. They are typical profiles for this
flare, since the nature of the profiles did not change as a function of time.
None of the profiles of the observed Ca II lines had an intensity dip in the
center. This indicates that the source function changes very slightly with
depth in the flare, so that it may be assumed to be constant. In this case,
the intensity in the line profile is distributed according to the well known
formula

1;=Ge1L+P(l—e 3) @)

The profiles of the line A 3737 A have a Gaussian form. Therefore, in the
case when
= (o)
Arp (2)

T=Tof ’
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B 37 66 67 68 69 W A7
Figure 2
Profiles of the Lines H and K and A 3737 A:
a - Node A, time 10bB45™ UT; b - Node B,
time 10M57m UT
they were analyzed on the basis of the Conway method.

The Doppler widths of the H and K were determined according to a method

advanced by V. A. Krat. This method is as follows. The optical thicknesses /64

are small in the wings of the H and K lines. Therefore, equation (1) for the
wings of these lines may be written as follows
Ix—1, =2t (Pxk—1); (3)
ILy—1, =< (Pu—1y).
(3"

Equation (3') may be calculated from equation (3):
(Ik—11) — =1,y == [(2Px—Pr) — (2 —1;)). (%)

In the case of the H and K lines, the intensities of the "background'" are almost
identical. Therefore, we may disregard the second term in the left hand side
of equation (4). If the optical thicknesses along the profiles change accord-
ing to the law (2), then -- taking the logarithm of equation (4) -- we obtain
In(lk—1,) =Int, —
1

— s ANRC (5)
axE,

Only AX is a variable in the ri%ht part of equation (5). Graphs showing the
dependence of In(IK - IH) on AA4 were compiled for all the times. If the law

(2) were satisfied, then the graphs would represent straight lines, whose
inclination would enable us to determine AAp. However, it was found that a

rectilinear dependence was only observed in the relatively narrow cores of the
lines. Consequently, equation (2) was fulfilled close to the line center,
which corresponds to Maxwell velocity distribution of the particles. Figure 3
presents a graph showing the dependence of In(IK - IH) on ArZ for several
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times. The linearity is disturbed due to large optical thicknesses at small
distances from the center of the line (AX < 0.15 A).

till-hd Above the spot (node B) the Max~
ot well cores of the lines were so narrow
that the Doppler widths were determined
with a large amount of error, In this
case, AAD were determined from the

2t o %5 following relationship
| () ()
3t A Juk A /131
s N\ 1ghs7m The optical thicknesses in the center /65
-4 . A . — of the lines and the source functions
aos or 050X were determined in exactly the same way
Figure 3 as in (Ref. 2). The values obtained

for 19 and P were defined more accu-
Graph Showing Dependence of

_ 2 rately by adjusting the theoretical
n (IK IH) on AX4 for

profiles to the observed profiles.
Central Regions of the Lines
The parameters Ty, P, AMD were
then employed to calculate the pop-
ulation of the basic level Ca II, and
also the ratio NZ/Nl' The computational results for the K line are presented

in Table 2 (columns 3-7).

TABLE 2

Node | Time T | Akp, A | P [NYN,-107 N,-10713

AN, A I Nj-10713

1 2 | 3 4 5 | s 7 | 8 | 9

A 1037 4.6 0.5 3.2 2.0 1.3¢  0.500  1.29
1045 3.6 0250 3.3 2.2 175 0.18  0.58
1057 2.0 0.18 2.8 1.8 070  0.475  0.14
1102 3.0 0140 2.0 1.8 110 0240 1.9
1115 3.8 0152 1.5 1.0 1.12 0215  0.35

B 1050 0.260  0.24
1057 4.0 0055 3.2 2.1 0.43  0.220 0.14
1115 45 0065 2.8 1.9 0.5  0.150  0.33

Since the relationship between the populations N,/N. and the amount of
atoms of Ca II in the basic state are known, we may degermine the population of
the level 4P3 . When there were profiles of the 3737 A line, N2 was determined

2
over its optical thickness. The following populations of the level

52



4P3 were obtained:
2 10057m  NX==0.905-10"* N7™71=1.40-101
11 15 1.056-101 1.00- 101!
K (3737) .. s R . 1s
The values of N, and N coincide, which substantiates the validity of

2 2
the optical thicknesses which were found.

In order to determine the wings of the H and K lines, we tested such
mechanisms leading to line expansion as radiation damping and the effects of
pressure. The calcutations showed that it is impossible to explain the
observed profiles by damping, while the effects of pressure only play a sig-
nificant role for hydrogen concentrations of 41017 - 1018, 1In this case, the
electron concentrations reached 1015 - 1016, which is several orders of
magnitude greater than the electron concentrations in the flares.

It was established that the intensity distribution in the wings best /66
satisfys the relationship

In (/g-—1) ~ AN

By way of an example, Figure 4 presents a graphic illustration of the depen-
dence of 1n(IK - IH) on AX2 and AX for the time 10h57m, This form of the

dependence corresponds to a non-Maxwell velocity distribution of the radiating
particles. The study (Ref. 8) explained the phenomenon of wings in the flares
by the presence of particles with the following velocity distribution:

éy-—ave gd
N o

where v* is a certain characteristic velocity. In our case, the form of the
wings for the H and K profiles is poorly represented by this distribution.
Therefore, we found a distribution law corresponding to the observed form of
the wings.

Let dN be the number of particles having velocities ranging from v to
v + dv. The velocity distribution function is given in the general form

‘%:f(v) du. (6)

The energy emitted in the frequency interval from v to v + dv is
E,d,=A, hv,dN. (7

After small transformations, expression (7) may be written
E,=A,heNf (v)=af (v). (8)
The values of Ev were determined according to the profile. The analytical

expression, corresponding to the observed change in intensity with frequency,
was determined for several values of E. 1t was found that in the wings of /67
the lines H and K the intensity changes for the velocity distribution function
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of the particles:

c_i_I_V = qe ) adv. (9)
N

Then the absorption coefficient

b — ne?  a\2 e—AAT_x. 10)

where a' = € . a, and AM* is related
A B S \ '__‘5_"2 V1k Ar®
] 05 1 ¥i5 20 to the characteristic velocity 5 <
Figure 4 = Y ,is determined according to the

c
inclination of the line representing

Graph Showing the Dependence: the dependence of ln(IK _ IH) on AX

1 - 6f 4n (IK - IH) on AAZ,

and 2 - of #n (I, - I.) on (see Figure 4).

A)X for the line wings (node Since the flare is transparent
A, time 10h57m), for its own radiation in the wings of
the lines H and K, we may use formula
(3) to calculate the optical thick-
nesses at different distances from the line center. The population of main
level 4S may be determined according to formula N1 = Tv/kv’ where kv is

determined according to formula (10). The populations of the main level de-
termined in this way are given in Table 2 (column 9). The obtained values of

Nl are retained for different AA, and differ from Nl, obtained according to

the line cores, by no more than one-half order of magnitude. This indicates
that the values of Nl’ computed according to the central sections of the

profiles, are valid.

Physical Conditions

The physical conditions in calcium filaments of the flare were determined
by solving the steady state equation for the level 4P3 . This level is
Z
populated by: (a) the field of the flare eigen radiation; (b) recombinations
at this level; (c) transitions from the 4S and 3D levels under the influence
electron collision of the first kind; (d) spontaneous transitions from the 5S

level. The contribution made by the latter to the population of the 4P3 level

is very small, and it may be disregarded. Spontaneous transitions tozthe
4S and 3D levels, transitions to these same levels under the influence of
electron collision of the second kind, and ionization by electron collision
lead to destruction of the 4P3 level.

2
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Let us write the steady state equation /68

ny _ n.Z;+ P:sBxs
ny (A3 +4;) + 2, (Zsl'f Zaz‘l'zal)
. nZay L) + 1)
(A31+A32) + n, (Z3l+232+ Zy) n
R n+

(A3x+A32)7'1 a (Zax+zaz+zaz) ”»x

where the index ‘1 pertains to the 4S level; 2 pertains to the 3D level; 3 per-
tains to the 4P level; Zmn’ an are the excitation and deactivation coefficients,

respectively, by electron collision; Z ~~ jonization by electron collision;

3i
Ri3 —— recombination coefficients at the 4P level; n+ —— number of ions of

Ca ITI in 1 cm3, A Finstein coefficients; p13 —— density of the

31° %320 B13 7
eigen radiation field.

Investigations have shown that the last two terms in equation (11) are
several orders of magnitude smaller than the first term. Therefore, equation
(11) may be simplified as follows

ny _ nZgtenBns (12)

ny (A31+A32) +- 1, (731+Z.42)

The corresponding coefficients of excitation and deactivation by electron
collision were computed in (Ref. 6). Excitation by the eigen radiation field
was determined according to the self-absorption factor, just as was done in

Ref. 4
( ) ”’5(1__ e o pl’iB I

B (Au ] Asz) 4 n, (731+Zsz)

Excitation by electron collisdon is

ny o onty (13)
ny (A31+A02) +n, (Z1x+zsz)

Equatlon (13) was solved for several values of electron density: from
n, = 5:1012 ¢o n, = 1.1014 (Table 3). Table 4 presents the relative populations

which are produced due to excitation by electron collision, and the electron
temperatures for several values of ng corresponding to M3 . The equation of

1
ionization equilibrium was solved for each time and for different n, (and,
consequently, for different Te)' Allowance was made for ionization from the 69

main level by electron collision and recombination to the main and excited
levels (photoionization in the flares did not play a significant role, as
compared with ionization bv collisions):

n,n (Calll) Z Rey=nn(Call) Z,,
k
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TABLE 3

ns
T, o
., —
n,=5-102 | n,=1.102 | n,=5.101 | n,=1-101
5000 0.565-10~% 1.05.10~* 0.33.10~% 0.45.1073
6000 1. 83.107% 3.24.107% 1.10-107% 1.86.10~3
7000 2.90.10-% 5.50.10~% 1.92.107% 2.84.1073
8000 5. 85.10~% 1.12.10~% 4.10.10~® 6.20-1073
9000 8. 82.10~% 1.70-107% 6.45.107% 9.90.10 3
10000 8. 90.10~% 1.72.107% 6.75.107%  1.06.10~2
11000 1. 24.10~% 2.40.-107% 9.72.10~% 1.56.102
12000 1. 60.100% 3.08.107% 1.926.107%2 2.03-102
13000 1. 65.10~% 3.80.107% 1.56.1072 2.53-10—2
14000 9. 32.10~% 4.48.1073 1.86.1072 3.04-1072
15000 2. 68.1073  5.20-1073 2.11.107% 5.42-102
20000 4.16.10~% 8.14.107% 3.35.1072 -5.47-1072
TABLE 4
. N, _ T,
Node | Time F (——.F)Joz ’
N, 94ow'140w 2.10% 3.10'3 540“!140"
A  _hm
10 37  0.168 0.336  12900°123C0°10180° 8330° 7650° 7180°
10 45 0.21 0.446  170C0 14000 11070 10300 8150 7480
10 57 0.54 0.971 30000 26000 15060 13000 11000 10000
1102  0.22 0.403 14010 133(0 10800 8760 8000 7400
1115  0.20 0.202 10770 10400 8000 7450 7050 6350

B 10 57 0.185 0.388 13700 13000 10650 8670 7900 7300
11 15 0.170 0.323 12850 12100 10050 8250 7600 7150

from which we have
n(Calll)  N(Calll) _ Z,

n (Ca II) N (Call) Eé;;

(14)

This enables us to determine the amount of Ca III ions, and consequently the
total content of calecium N (Ca) = N (Ca II) + N (Ca III). At temperatures
above 10000°, calcium occurs primarily in a state of secondary ionization.
Assuming that the total amount of calcium in a flare does not change as a
function of time, from Table 4 we selected the values of electron temperature
and electron concentration for which the total amount of N (Ca) is one and

the same. By means of this method, we found that the total amount of calcium -

is 5.84.1013,

Assuming that the chemical composition of a flare is the same as in the
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photosphere, and employing the data presented by Claas (Ref. 7) on the Ca

content in the solar atmosphere, we were able to obtain the number of hydrogen

atoms -along the line of sight. It equals 1.41-1020,

Using the table given by V. M. Sobolev (Ref. 5) for data on n, and Te’

we were able to determine the hydrogen atom concentration in the basic state

at different times. Since hydrogen supplies the main amount of free electrons,

we may assume that n, equals nﬁ . The total hydrogen concentration is then

n, =n, + n,. The effective geometric thickness of calcium filaments is
determined by the ratio Eﬂ.. Table 5 shows the manner in which the physical

conditions change at the node A of the flare. The electron temperature de-
creases as a function of time, beginning at 10h 45mM,

TABLE 5

i —13 —13 vy,
Time n, ' Te l ny 1073y 1077 h, ca km/[sec

A - T
\0 ‘_;Zn 9.0.10' 12900° 0.10 1.00 1.41.107 11.4
10 15 1.0-10 13560 0.79 1.79 0.79.107 19.0
10 57 3.0- 1013 13000 5.01 8.01 1.76-10° 13.7
i o2 1.1.101 12650 0.16 1.26 1.12.107 11.6
It s 6.0-10 12250 0.16 0.76 1.86-107 10.6

Cooling of the calcium filaments is accompanied by changes in the electron
concentration and effective thickness of the flare. The effective thickness
first decreases by one order of magnitude, and then increases up to the
previous value. Consequently, the substance contracts by almost a factor of
10, and then subsequently expands.

The limited number of spectrograms kept us from making a precise deter-

mination of the electron concentrations and electron temperatures for the node

B. Following are their most probable values:

108 57m  0.9-1013<n, <3101 13700°> T,> 8700°
11 15 0.9-10¥%<n,<3-101*  12850°> T, > 8250°

Expansion due to thermal velocities is insignificant in the lines of
ionized calcium, as compared with expansion due to non-thermal, "turbulent"
motion. Table 5 presents the 'turbulent" velocities for the node of a flare
located above the penumbra. These velocities are smaller above the spot in
the flare, and comprise 4 km/sec at 10M57M and 6.5 km/sec at 11h15Mm, This
may be explained by the presence of a magnetic field which is stronger above
the spot than it is above the penumbra; this magnetic field leads to partial
damping of the "turbulent" velocities.
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SPECTROPHOTOMETRY OF THE SUNSPOT OBSERVED ON JUNE 19, 1959
Ye. N. Zemanek, A. P. Stefanov

The equivalent widths of 107 Fe I lines were
measured in the region 6520-4870 R. A curve of growth
was constructed, and the physical parameters for the
sunspot were derived: Tex = 3640 + 90°, N = (25.2 1_6.8)1018,

v = 3 km/sec.

A graphic method is proposed for determining excitation
temperature from the growth curve.

The dependence of the equivalent widths of the lines on
the strength of the magnetic field and the spot's position
on the solar disk is shown by comparing them for four spots.

We studied a large spot which passed through the solar disk in June, 1959./72
We studied this spot when it was at different positions with respect to the
central meridian. Photographs of the spectra were obtained on June 19, 22
and 27, when the spot was in the eastern hemisphere (¢ = + 11°.0; A = - 45°),
in the center of the disk (¢ = + 11°.5; A = - 5°) and in the western hemi-
sphere (¢ = + 11°.5; A = + 62°).

This article investigates the spectrum of the spot, which was obtained on
June 19 with good transmission and small image oscillations. The observational
method and the processing were described previously (Ref. 3, 4).

For the study, 107 lines of neutral iron in the A\ 6520-4870 & region were
chosen. The equivalent widths W of these lines are given in Table 1. This
table also presents the excitation potentials of the lower level En (Ref. 5),

and the oscillator strengths in the form of 1ggfi (Ref.1) and 1gW/A. A determina
tion of the influence of diffuse light upon the equivalent widths showed that
the magnitude of the diffuse 1light was small and could not be taken into
consideration.

We employed the equivalent widths of the lines to compile a growth curve.
The quantity lg W/X is plotted along the ordinate axis, and the quantity

5040
ngf=lggfl—T—E,, (1
e

is plotted along the abscissa axis (T - the provisional excitation temperature).
e

In order to clarify the influence of T on the physical parameters which
e

were determined according to the growth curve method, curves were compiled for
three values of the provisional temperature (4000; 3800; 3600°).
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60

Ne A W ’ E, l lggth ’
1 6518.376 0.109 2.82 1.33
2 6430.851 .346 217 1.58
3 11.658 275 3.64 3.76
4 08.031 .229 3.67 2.94
5 00.010 .352 3.59 3.73
6 6393.605 .261 2.42 2.19
7 44.154 .156 2.42 0.96
8 36.835 180 3.67 3.12
9 35.335 .248 2.19 1.35

10 22.693 .140 2.58 1.32
11 11.506 138 2.82 0.90
12 6297.80 197 221 0.85
13 70.238 125 2.85 1.33
14 65.140 .205 2.17 0.90
15 52.561 204 2.39 2.00
16 46.334 171 3.59 3.49
17 40.266 .094 4.12 2.56
18 29.234 .092 2.83 1.04
19 19.290 222 2.19 1.09
20 13.438 .189 221 0.87
21 00.323 1567 2.60 1.18
22 6191.562 232 2.42 2.33
23 73.343 182 221 0.76
24 70.492 174 4.77 3.68
25 37.696 .190 2.58 2.64
26 36.999 .125 2.19 0.88
27 36.620 193 2.44 241
28 02.178 122 4.81 4.16
29 6078.496 .098 4.77 3.96
30 12.75 .077 4.54 3.20
31 5984.805 137 4.71 3.99
32 83.704 .104 4.53 3.28
33 5976 799 .105 3.93 274
34 34.658 .094 3.91 2.83
35 27.798 .093 4.63 3.77
36 20.520 .039 3.22 1.38
37 5809.249 .078 3.87 2.46
38 5778.47 .100 2.58 0.51
39 75.090 117 4.20 292
40 53.136 118 424 3.37
41 31.771 .093 424 3.00
42 17.845 128 427 3.12
43 01.563 176 2.55 1.65
44 5679.023 119 4.63 3.60
45 55.506 .100 4.24 3.19
16 5638.266 0.117 4.20 3.25
47 18.646 .089 4.19 2.82
48 15.652 337 3.32 4.39
49 5586.763 278 3.35 4.18
50 76.037 .200 3.42 3.36
51 72.849 .289 3.38 4.06
52 67.401 .136 2.60 1.22
53 62.712 117 4.42 3.20
54 54.895 131 4.53 4.04
56 43.930 117 4.20 3.8
56 06.782 276 0.99 0.90
57 5497.519 .290 1.01 1.09
58 34.527 .343 1.01 1.41

~—4.776
.269
.367
447
.259
.389
.608
.546
407
.655
.660
.504
.700
.485
.486
.563
.822
830
447
517
596
426
530
.549

.691
.502
.698
793
893
.640
759
.756
800
.805
—5.181
—4.872
.762
693

790
649
.510
678
753

—4.683
.800
222
.303
445
.285
612
677
.627
676
300
278
199



N ' A ’ w ' E, I Iggfh ‘ IgW/
59 29.699 591 0.95 1.91 —3.963
60 24.15 276 4.06 4.89 —4.292
61 05.778 439 0.99 1.82 091
62 00.509 187 4.35 491 460
63 5397.131 466 091 1.69 063
64 93.174 253 3.23 3.30 328
65 83374 224 429 5.04 481
66 71493 558 0.95 1.91 —3983
67 67.470 213 440 471 —4.402
68 64.874 185 4.43 471 462
69 39.935 263 395 3.55 308
70 32.903 210 155 0.85 404
71 24.185 350 3.20 4.24 1182
72 02.307 258 3.27 3.74 312
73 5281.796 336 3.03 327 196
74 69.541 620 0.86 240 —3.923
75 66.562 258 2.99 3.89 --4.310
76 63.314 258 3.25 333 309
77 53.479 157 3.27 2.42 524
78 50.630 234 219 1.83 350
79 32.946 342 2.93 3.62 185
80 17.395 192 3.20 3.18 433
81 16.278 239 1.60 1.53 338
82 5192.350 260 2.99 3381 .300
83 91.460 218 3.03 378 376
84 51.915. 326 1.01 0.61 198
85 45.105 234 219 0.62 341
86 23.723 292 1.01 0.58 363
87 5083.342 232 095 0.53 340
88 74.757 1199 420 4.39 A05
89 49.895 313 227 2.54 207
90 44,991 250 2.84 2.21 304
91 5014.950 0.208 3.93 3.82 —4.381
92 02.800 148 3.38 256 528
93 4950.112 131 3.40 2.60 577
94 46.394 1471 335 3.09 46]
95 39.690 224 0.86 0.43 343
96 38.820 252 2.86 2.89 292
97 24.776 178 297 1.96 441
98 20.509 490 2.82 4.40 002
93 18.999 351 2.85 3.90 146
100 07.743 115 342 2.24 629
101 03.317 244 287 3.2 302
102 4891.496 368 2.84 4.05 123
103 90.762 306 2.86 361 203
104 75.89 118 3.32 2.09 616
105 72.144 304 2.87 3.68 205
106 71.323 301 2.85 3.90 209
107 63.653 119 3.42 2.36 611

continuation of TABLE 1

Table 2 presents the excitation temperatures Te obtained for each curve, the

number of atoms N, and the velocity v. It follows from the table that a
change in the provisional temperature has practically no influence upon the

final excitation temperatures.
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TABLE 2

7. °1<! I, °K l N-1018
4000 3650+ 90 30. 4478 3.0 .

3800 3610F100 25.2¥6.8 3.0 Figure 1
3600 3620F100 35.5%9.8 3.0

0 41i%)@

Growth Curve Compiled
According to the Fe I Lines
for a Spot on June 19, 1959

Figure 1 shows the growth curve for Te = 3600°.

In order to control the computation of the excitation temperature, the
growth curve method which we employed entailed a somewhat different procedure.
Conditional equations were compiled for the desired corrections AO to the
provisional temperature (0 = 5040/Te). The problem was solved graphically.

In order to do this, the deviation 2 of points from the growth curve was

measured along the abscissa axis. It is understood that the smallest hori- /76
zontal scattering of points with respect to the curve will occur, if it is
displaced by the value »

lg=—

" n’ (2)

where n is the number of lines (points).

We then obtain the following from equation (1)

i—1,
A8 —»—E:— (3)
Consequently, A® may be determined as the tangent of the angle of in-
clination for the line expressing the dependence between the excitation
potential of the lower level and the deviation of the point from the growth

curve.

Figure 2 shows the inclination of the lines for different provisional
temperatures. Excitation temperatures of 4000 and 3400° produce an inclination
at different sides. 1If the average of the two values obtained for the
temperature is used as the provisional temperature, then the inclination will
almost equal zero.

Solving the system of equations (3) according to the method of least
squares, we obtain the results shown in Table 3.

Thus, we may conclude on the basis of both methods that the excitation
temperature of the spot is the same and comprises 3640°.
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1 In order to determine the quanti-

HE - . tative index showing the dependence of
a [ . - j:__; ey the equivalent line widths on the
OIZZ?Zi:t:??*&?TéFEZ magnetic field strength for different
- . S . positions of the spot on the disk, we
T o formulated the ratio between the sums
i - of the equivalent widths. The same
b*’ﬁ :' . . lines appearing for spots on June 19,
By R R LAY 22 and 27, 1959, and September 19, 1958
1 RS were selected. The sum of the equiva- /77
a1 e lent widths for a spot on June 22,
| . which was located in the center of the
ot - . disk, was used as the unit.
| WL,
0::=$=;;¢?$;£;;i4;;ﬁ Table 4 gives the coordinates,
T2 8 g the areas in fractions of a million
1F Lo . for the hemisphere SP’ the magnetic
) field strength H in Gauss for four
spots, the determined excitation temp-
. eratures T , the number of atoms N,
Figure 2 e
the atom velocity v, and the ratio
Dependence Between the Excitation between the sums of the equivalent
Potential of the Lower Level and widths.
the Deviation of the Points from
the Growth Curve: According to the theory advanced
by V. Ye. Stepanov (Ref. 2), the in-
a-T = 4000°; b ~ T = 3400°; crease in the equivalent widths of the
€ € lines in the magnetic field is propor-
c - T = 3650°. tional to the splitting displacement
€ and the number of subcomponents. When

these sums were compiled, it was
advantageous to assign the appropriate weight to the line having magnetic
amplification. The line was included in the sum with a weight equalling nS§,
where n is the number of splitting subcomponents in the magnetic field, and
§ is the splitting displacement for unit strengths and velocities of the atoms.

TABLE 3
I—1,
T,oK | = A 40 for L. °K
En=0
4000 —3.97 —0.037 40.009 —0.30 37504100

3400 +0.25 +0.002 —0.026 +-0.08 3550 + 100
3650 +2.39  +40.022 40.0037 —0.004 3640+ 90

A comparison of the magnetic field strengths of the spots and of the
ratios between the equivalent width sums shows that there is a definite
dependence between them: the sum of the equivalent widths is greater at the
point where the magnetic field is stronger. In the case of identical strengths,
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TABLE 4

B

Spot ¢° * 18, |H T,°K ] N-10' —%_EE_
Gaussl e lo/sect $W, TWe

22.V1 1959 +-11.5 — & 1150 3200 38904130 7.142.1 3.1 1.000 1.000
19.VI 1959 4-11.0 —45 1230 3700 36404 9025.24+6.8 3.0 1.078 1,029
27.VI 1959 -}-11.5 462 1300 2600 37704-14015.3+5.6 3.0 0.974 0.951
19.1X 1958 17.5 — 6 720 2600 40704170 5.24-3.4 3.0 0.937 0.850

a larger ratio corresponds to a position of the spot which is farther from the
center of the disk, as must be the case according to the theory of magnetic
amplification. Thus, the "magnetic" index ZWi/ZWc points to the dependence /78

of the line equivalent widths upon the magnetic field strength and the angle
Y between the line of sight and the field direction. It may be assumed that
the results derived from the comparison provide statistical confirmation of
theory advanced by V. Ye. Stepanov.
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ON THE Ha LINE EXCITATION MECHANISM IN THE SOLAR CHROMOSPHERE
R. I. Kostik

The profiles of chromospheric Ha are estimated for

certain heights above the photosphere. Photospheric
radiation is regarded as a source of excitation. It is shown
that both external and internal sources are almost equally
responsible for the luminescence of the Ha line. The relative

role of internal sources of excitation increases with the
height above the photospheric level.

V. V. Ivanov (Ref. 1) has calculated the profiles of chromosphere lines, /79
with allowance for incoherent scattering. An exact solution of the problem
was obtained, without drawing conclusions as to the physical state of the
chromosphere and without making comparisions with observations. A study by
M. V. Matveyeva (Ref. 4) was devoted to this same subject. Several assumptions
were advanced by this author (one-dimensional medium, excitation by continuous
radiation); however, these assumptions made it impossible to perform a detailed
comparison with observations.

The present article calculates the profiles of the Ha line, and compares

them with observations, in order to determine the luminescence mechanism.
Certain formulas presented in (Ref. 1, 4) were employed. The calculation of
the profile of a chromosphere line observed on the limb may be reduced to
calculating the following integral

2

I (zgy &, X) == Se_“(.r)ts (, x)dt, @
0

where T is the optical thickness of the chromosphere along the radius of the
Sun in the center of the Ha line; 1 - optical depth of the chromosphere along

the radius of the Sun in the center of the Ha line; t0 - optical thickness of
the chromosphere along the line of sight in the center of the Ha line; a(x) -
dimensionless absorption coefficient [a(x) = e'X% ; €(1,x) - dimensionless

radiation coefficient at the frequency x and at the depth t.

Let us determine the radiation coefficient by means of the following
relationship

(5, %) =2 (x) B (3), (2)

where B(t) is the source function. The determination of B(r) may be re- /80
duced to a concurrent solution of the radiation transport equation and the
equation of radiative equilibrium (Ref. 5)
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dI(z, 8, x)

cos 8 = =—a(x)/(x, 8, x).4 a(x)B(z);
+ oo x
A 3
B(t):EAfa(x)dxj‘l(r, 8, x)sin 840 )
e 3
for the following boundary conditions
](Ov 81 x) =0; I(‘Co, 8, x)"-“[o(x), (4’)

These conditions indicate that the chromosphere is excited by photospheric
radiation with the intensity Io(x) coming from the photosphere. Equations (3)

for the boundary conditions (4) may be reduced to one integral equation

B (%) =_§§K(|:~¢'|)B(¢')da+
o (5)

Io (x) @ (x) Eyla (x) (vp—7)] dx,

_hw
2V n

where A is the probability of a quantum survival during an elementary scatter-
ing event; w — dilution factor

“l_

o +
K(x)=4 j‘ at (x) E, [« (x)<)dx; E,(x) = Se—xsccesin 0 sec 040
e 0

”
2 4 =

E, (x) = je-x sec85in 0d0; A j a(x)de=1.
]

—-

Equation (5) was solved for two values: 15 = 2; Tg = 1. The Doppler halfwidth
of the Ha line was assumed to equal 0.460 R (a change in the Doppler halfwidth

within the limits of 20% had hardly any influence upon the final results).

Let us rewrite equation (5) in the following form /81
A ¢ , r
B(T)[1~—2_SK(T_—T )dt'~Ej‘K(c’—t)d1’=
0 T
(K e (B (o 6
_5 K(t—t)[B(t)——B(t)]dt'—}-
0

n _;_jz((xuc) 1B (v') — B(<))dv’ +
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= N

+ 5‘—5‘%_ J L% Bale (1) Gy )

A numerical method was applied to solve it. The values of K (1) were taken
from the computations of N. A. Yakovkin. The value of 0.5 was taken for the
dilution factor. A change in w with height was not taken into account, since
it was less than 2% due to the insignificant thickness of the chromosphere.

It was found that the function B (1) is linear in the case of 7y = 2. It will
apparently be linear for 15 = 1. Therefore, we have

B(t)=a+b1. (7)

Substituting expression (7) in equation (6) and assuming that T = 0 and T = 19,

we obtain a system of two linear equations for determining the coefficients
a and b

Ta

a [1 — -;— 5 K (<) dc’] - % b X K (') v'dx'+g (%)

|

a[l — %—SK(T—’L‘/) d’t':l + b1, [1 - —;— S\K (x—7") dt’] = (8)
0 ]

To

A ' N (e —ny) de’
:51;03 K (tg—v") (v —q) dv’' +-g (0).

)

In the case of 19 = 2 a = 0.0386, b = 0.0383; in the case of 19 = 1 a = 0.0488,
b = 0.0568.

The values of the function /82
-} o

\w

——— Iy (x)a(x) E;[a(x) ] dx

2‘/“ 0() 2

g(x) =

were found by numerical integrationm.

B Y

02 "as 06 08 ot

Figure 1 Figure 2
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Let us replace e(1,x) by its value in (2) and (7) in expression (1). The
intensity of radiation emanating from the chromosphere along the line of sight

is then 0

'sz,(x)u—aj(X) 00 + o) (ryu-2 (10 =(x 7 ') 9)
K,

In order to calculate the second component of the right hand side of
equation (9), we must know the dependence of v on t. The curvature of chromo-
sphere layers is taken into account by this dependence. We shall assume that
the number of atoms per unit volume decreases with height above the photosphere
level h according to the law e-Bh, The optical depth in the direction of the
radius is

= o 0o

r

where oy is the absorption coefficient in the center of the line. It may be
seen from Figure 1 that

st /
r~—-h;
2R (1)
i s
= — = 2R
e (r) 5 s,efhe 7, 12
The optical thickness along the line of sight is /83
VE
§ JR— 2R
1 2nR 2 _ 13
t(s, h)=5‘coe—ﬁ’ds=7ooe—ﬁ"l/ _B_[I‘“]—/—E(Se X’dx]. (13)
X
00e]
04}
02}
1 1 —1 1 i Y X

21012 24012 24012 24012 24012

ity b8 ta=10 tfz-zo’ 230 to=40
o5t %
004}
aoz}

L30T Za0r2 23012 21012 24012

to<6 1,710 t,720 £,-30 t,40
Kotge2
Figure 3
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Since

4+ o0
9=R 14
. S‘coe—ﬁ’ds:aol/??@e—ﬁ”:ta, (14)
we finally obtain
B
2 %
(=L [im 2 (oea,
2 V= (15)
Bs?
1 R

= =
T VT e

The dependence of T on t, computed according to formula (15), is shown in
Figure 2 (B = 1.0-10-8 cm). When the profiles of the Hu line were calculated

according to the equation (9), the second term of the right hand part was
computed by numerical integration. Figure 3 presents the computational results
for different values of Ty and ty-

Let us compare the calculated /84
profiles with the observed profiles.
A relatively small number of slit
spectrograms of the chromosphere lines
was obtained. We employed the observa-
tions described in (Ref. 2, 3), which
were performed when there were no
ellipses. Figure 4 shows the observed
profiles of the Ha line (h = 1500, 2200,

2900 km above the level of the photo-
sphere) as well as profiles computed
according to formula (9) for 79 = 1
(Dots - observed values; crosses - re-
duced profile; solid line - calculated
values).

The table below presents the total observed and calculated intensities
(t9p = 1). The last column gives the deviations of the calculated values from
the observed values. These deviations may be explained by the influence of
inner excitation sources, which we did not take into account. Attention
should be called to the increase in the relative portion of inner excitation
sources with an increase in the height above the photosphere level.

In summary, it may be stated that luminescence of the Ha line is almost

equally caused by outer and inner excitation sources.

69




. Mean |Calcu-|Devia-
h, ks | Observational Data|y,1,. |lated |tion,

Value 4
11¢0 — 0.139 _— 0.139 0.125 10
1550 0.257 0.147 — 0.202 0.110 46
2200 0.194 0.145 .200 0.179 0.090 50
2900 0.106, 0.121 73 0.133 0.070 47

0
0.1
3200 0.081 0.110 0.161 0.117 0.060 49
3600  0.080 0.092 0.146 0.106 0.050 53
3800 0.074 0.083 0.139 0.1'0 0.044 56
4400  0.059 0.059 0.118 0.079 0.031 61
4700  0.048 0.047 0.110 0.065 0.025 62
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INFLUENCE OF DISSIPATION ON PLASMA EQUILIBRIUM IN A MAGNETIC FIELD
L. M. Shul'man

Plasma equilibrium conditions are formulated, taking
into consideration dissipative processes. The electron
thermo—~ and electroconductivity are specially considered.
There are some cases when the investigation of dissipative
plasma equilibrium can be reduced to the solution of some
plane and one-dimensional problems. One-dimensional equi-
librium configurations with a constant magnetic field grad-
ient and constant density of matter are discussed. The
effect of volume sources and energy loss is examined in the
case when they predominate in the establishment of thermal

equilibrium.

This article investigates the influence of finite conductivity and heat /86
transfer upon magnetohydrostatic equilibrium of a thermodynamically ideal
plasma. If we may disregard the dissipative processes in the plasma and if
there is no field of gravity, the balancing of the magnetic forces and the gas
pressure is sufficient for establishing equilibrium. As is known, the only
equilibrium condition may thus be reduced to the condition that the sum of the
gas pressure gradient and the Maxwell tensor divergence equals zero. It is
apparent that equilibrium exists in a non-dissipative plasma in the case of
arbitrary distributions of temperature and density of matter. Allowance for
dissipative processes significantly constricts this arbitrary condition. In
particular, it may be that a strictly determined temperature distribution
corresponds to a given magnetic field configuration.

Equilibrium Conditions

The motion of a plasma in a magnetic field, with allowance for the finite.
conductivity and thermoconductivity which are regarded as functions of the ’
thermodynamic parameters, is described (Ref. 1) by the system of equations

1
dv___wyp__ 1 [H rotHJ; o
dt p Awp
%[; = rot [vH] — rot (vrot H); 2
187
-g%-+-d1v(pv)==0; e
, (4)
745 _ v (rot H)2+-div (xvT);
dt 4z . (5)

s=So+¢,In(pp~7); p=pRT.
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In the presence of dissipation, it is apparent that, in addition to the
condition of Maxwell equilibrium

1
vp=— —[HrotH] (6)
4
the steady state condition of the magnetic field must be fulfilled
rot (v rot H) =0. )]
The third equilibrium condition -- the steady state condition of the
temperature field -- yields ome equatiom
4l (rot H)24-y (xyT)=0. (8)
T

The family of equations (6-8) contains all five unknowns. However, their
structure is such that a solution exists, in spite of the overdetermination
of the system.

In actuality, integrating equation (7), we obtain

rotH = 1 ve, ¢))
v

where ¢(X, v, z) is an arbitrary function which is twice differentiable. The
remaining equilibrium conditions may now be written in the following form

1

1
T (A@)%+V (xVT) =0. (11)

It may readily be seen that the system (9-11) has at least two classes
of solutions: trivial solutions (p = const, T = const), and forceless solutions
(rot H = o H). 1In the latter case, the magnetic field is related to the temp- /88
erature fields by the following relationships

H=Lve: (12)
va
13
g () = T, @)
4nv

Equilibrium in the Case of Electron Transfer

The transfer coefficients, appearing in the preceding equations, depend
on temperature, the vector of the magnetic field strength (anisotropy) and on
the plasma density (by means of the Coulomb logarithm). If the transfer is
caused primarily by electrons, we may then set

(14)

a=0,T"h; w=naT*h,

where o and Ky are the quantities which depend slightly on demnsity. Without
allowance for anisotropy, the equilibrium conditions assume the following form
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Vp:‘"(i%) T [Hyel; 16)
vV (T VT) + ( ,:ncz ) T (ve)2=0. an
0

If the conditions at the boundary and the function ¢(x, y, z) are given
in the entire region being studied, we may find the temperature distribution
according to equation (17). We may then find the magnetic field according to
equation (15), and the pressure p(x, y, z) according to equation (16).

Under real physical conditions, the magnetic field depends on all three
spatial coordinates. Therefore, strictly speaking, any problem regarding
equilibrium of a magnetized plasma is a three-dimensional problem. However,
we may point out certain simple cases, when an adequate representation of the
equilibrium configuration yields the solution of the plane or even the one-
dimensional problem. This simplification makes it possible to reduce the
mathematical difficulties connected with an investigation of the system (15-17)
in a general form, and makes it possible to obtain the simplest solutions.

Equilibrium in a Plane /89

Symmetry of the configuration may lead to the fact that the equilibrium
parameters in a certain plane are independent of their behavior in the vicinity
of this plane. They may be determined by solving the corresponding plane
problem. This may be verified by setting

p=2f(x, y). (18)
In the vicinity of the plane z = 0, the gradient of this function has only
one non-zero component. This means that the electric current intersects the
plane z = 0 at a right angle. If the temperature assumes extreme values in
this plane, or if it does not depend on z in general, the magnetic force lines
lie in the xy plane. The problem formulated in this way may degenerate into
a two-dimensional problem. After simple transformations, a system is obtained
from equations (15-17) for determining the fields of the physical quantities
in the infinitely small vicinity of the plane xy.

dHy aHx 47f0° 73/ R (19)
v O _ A% gy y);
Ox dy c* Fx, 3) 20)
20
P 2auH () 9
a; ¢ (21)
P _ 20 upl, f(x, )3
i £ F (x93 (2)
ad ., aT a ., 0T 9% o, £2 —
—_— T"/n—— . T/:_)+,—T/:f (x' y)_O_
6x( 6x)+6y( ay %, C?
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The case f(x, y) = const. occupies a special position. The xy plane loses
its priveleged role, since all of the quantities cease to depend on z, not only
in the vicinity of the zero plane, but also in the entire space.

The arbitrary function in the system (19-22) makes it possible to obtain
different forms of the equilibrium conditions which are suitable for solving
a certain specific problem. TFor example, introducing the new arbitrary function

fl(xv y) 7% C Ta/ fz(xl y)>0

Q

we obtain the Poisson equation for T7/2; the general solution of this equation /90
has the following form

w1 (R y)dx'dy | 1 21 9(Th) .58 (1
7I=——SS ! —_— {_._—___ Il_(__)
e R +2"9> AR TR A () 23
(<)

where R =V(x - x') + (v - §})2 , and 3/%n is the derivative in the direction
of the normal: this normal is outside of the Contour C, along which the

second integral is taken. It is necessary to know the temperature
at the region boundary and the temperature gradient in order to perform the

calculation. By determining the temperature according to equation (23), we
may calculate the current density

/77‘0 Tﬂ/‘Vfl (X, Y) ’

and we may then calculate the magnetic field by employing the methods of
magnetostatics. This computational method is not suitable, if the magnetic
field is the given quantity, and not fl(x, yv). In this case, it is advantageous

to introduce a certain arbitrary function which is proportional to the current
density

e, y) <= 2l M
2 dx dy (24)
The remaining equilibrium conditions acquire the following form
5} Hy (25
p-__'—)f2(x: y) )
dx
ap H
—* 2 (%, 26
5 4 fa (% ¥); (26)
V(ThVT +“-~——~7'% x, ¥)=0.
(IVT) e = T (s )= o

The main difficulty which is entailed in calculating the equilibrium con-
figuration for the given portion consists of integrating the non-linear equa-
tion (27).

Equilibrium Along a Straight Line

If the magnetic force lines are perpendicular to the xz-plane, then
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H.x = E§§.= §£-= 0. In the case of %% = 0, equilibrium along the line 0Ox does /91
dy '

not depend on the temperature distribution, or the density and pressure in the

vicinity of this line. It may be calculated by solving the corresponding one-

dimensional problem. The equilibrium conditions are now particularly simple:

dH_v _—=.ﬂ T"’I:f (x); (28)
dx c?

P ___ % pup )

dx 2 y ’ (29)

d ( 5, dT ap
L{rntl T°h 2 (x)=0.
dx\ dx)—+ %, C? P (%) (30

Introducing the new arbitrary functions, we may obtain the explicit form of
the solutions investigated above for the case of equilibrium in a plane.

Following are several of the simplest examples. If the plasma is iso-
thermic, then its equilibrium state is trivial -- the plasma must be uniform
and uniformly magnetized.

A plasma of constant density may be in equilibrium only in the case of

P (x)==po RT (x);
H2

— =py R (TO"‘T)v
8=
where the temperature distribution is subordinate to the condition
3], 2
4 (rudl),  eROT(ATY (31)
dx dx 8nrysy (To—T) \dx
This equation may be written in dimensionless variables
0= 1 P
T, L

where TO is the temperature at the neutral point of the magnetic field, and

L is an arbitrary constant with the dimension of length. The condition of
thermoequilibrium may now be written as follows

d s, d© _a do\?
4 (%99 4 kot (10 -—1(--) -0 (32)
(0" ) rrema—om (G
and may be integrated by quadratures /92
<]
R S8”’(1+6")Kexp[~K(ﬂ—‘—-QG*’ + %e*)]m (33)
1

It is even simpler to calculate the configuration with a constant field
gradient. The distribution of the magnetic field and of the gas pressure may
thus be described by the following relationships
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(VH)3 s

H=(vHy) xi p=p,— 5 2
T

where Py is the pressure at a neutral point. The temperature distribution

may be found by integrating the following equation

2 2
ar (T + T (vH)y T 0. (34)
dx* 32740
Its solution has the following form
arc cos TyT,
. 35
A S‘COS“” wdx, (35)
L
0
where the following quantity is the unit of spatial scale
::ﬁigf?ﬂﬁ)EZ?l_ (36)
¢ (vH)o

Role of Volume Sources and Energy Loss

The influence of volume sources and energy loss was ignored in the preced-
ing sections. However, when there are no external sources and losses, the
equilibrium configurations investigated above cannot be realized, due to the
impossibility of satisfying the correct boundary conditions. If we formally
extrapolate the solutions obtained to infinity, we obtain negative values
for density, temperature, and pressure. A uniform (in the absence of gravita-
tion) state is the only equilibrium condition of the plasma which satisfies
the conditions at infinity.

In order that equilibrium, magnetized non-uniformity may exist in a
uniform plasma, surface energy sources are requisite, and in certain cases 193
fields on the boundary of the non-uniform region which specify the correlation
between the different solutions of the equilibrium equations. We may compile
more complex configurations from the equilibrium configurations investigated
above, by introducing external sources on the conjugate surfaces.

The necessity of allowing for volume sources, and not surface sources,
arises in astrophysical problems. For example, if a plasma is optically trans-
parent, the possibility of energy loss due to radiation must be taken into
account. The inflow of energy may be caused by thermonuclear reactioms, by
dissipation of waves arriving from the outside, and by other factors. 1In the
case of acoustic plasma heating, we may separate the regular background from
the random pulsating motions, and we may regard the latter as a volume source
of energy.

The problem formulation in the general case requires the introduciton of
appropriate terms in the energy equation (4). However, it may be represented
more simply for studying the case when the volume sources are considerably more
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effective than the liberation of heat due to dissipation of the regular
magnetic field, and when the radiation energy flux is considerably greater than
the conductive heat flux. Thermoequilibrium is thus maintained primarily due
to balancing of the volume sources and losses.

Let us approximate the specific volumetric inflow of energy by the ex-
pression Q4 = oy pm+Tn+, where o, is a certain dimensional coefficient which

does not depend on the thermodynamic parameters. Wk may write a similar
quantity for the energy losses in the form Q_ = a_ p™ TP~. Thermoequilibrium

may be observed in the case of
o, pm+ Tot =a_ pm- Tr—, (37)
The remaining equilibrium conditions are the same as previously

: (38)
I'Ot H =47er~3Am/2An V(P;
vp=—Np=m2t [Hvel, (39)

—~3/20n
sp\ [ay
Am=m——m*; An=n——nt; N=(7>(_)
(5 a_

where

It may be readily seen that in the case of p = const the field with
zero force rot H = o H may satisfy the equilibrium conditions. The magnetic
field is thus

— flﬂ —3Am2n
Hm( . )p vo. (40)

The fact that it is described by a scalar potential once more points to the /94
impracticability of a configuration with zero force in all space [compare
with the study (Ref. 2)].

If thermoequilibrium is maintained due to volume sources and energy loss,
the necessity arises of introducing and calculating an arbitrary function.
The pressure may be calculated directly from equation (6) based on the given
magnetic field, and the density and temperature may then be determined from
equation (37) and the Clapeyron equation.

Thus, in the case under consideration --- just as in an adibatic plasma —-
the selection of the equilibrium configuration is still quite arbitrary. The
difference from an adibatic plasma lies only in the fact that a specific
distribution of temperature and demsity corresponds to the given distribution
of the magnetic field and the gas pressure.
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ON THE CHOICE OF THE PRE-FLARE PLASMA STATE MODEL
L. M. Shul'man

The problem of the pre-flare plasma state model is
discussed. The pre-flare state has to be an equilibrium
state up to very slow processes. It is shown that acoustic
heating and radiation rapidly set up thermal equilibrium in
the chromospherical plasma. Therefore, the models formerly
proposed are incorrect unless they satisfy the thermal
equilibrium conditions.

As observations have shown, (Ref. 5), solar flares arise in regions which 122
are characterized by a composite structure of the magnetic field. The flare
process itself may be interpreted as a transition of the plasma from the
"excited" equilibrium state with excess magnetic energy into another equilibrium
state which is accompanied by the transformation of the magnetic field energy
into kinetic and thermal plasma energy, as well as into the radiation energy
of rapid particles. The more the magnetic fields are rearranged, the more
intense is the flare. This fact was established as a result of extensive
research carried out at the Crimean Astrophysical Observatory (Ref. 1, 2).

In spite of the fact that certain phenomena related to the flares are
more or less clear from a qualitative standpoint, no quantitative theory of
flares has yet been formulated. This is due to the fact that the great diver-
sity and complex nature of each individual phenomenon make it difficult to
formulate an adequate model of the process, which is sufficiently simple at the
same time, and which could sustain a rigorous physical and mathematical
analysis. Therefore, it is of interest to formulate a simplified model of a
flare in general —— i.e., a rather abstract picture of the transformation of
the magnetic field in the plasma, which is accompanied by the change of mag-
netic energy into other forms. Research on a theory for discharge in the
vicinity of a neutral point of a magnetic field belongs to this category
(Ref. 3, 6-12, 14-16),

The theory must answer several questions. Certain of these questions are
as follows. How may an equilibrium configuration of a plasma with a magnetic
field, which does not satisfy the condition of an energy minimum, be produced
and exist for a long period of time? How, and for what reason, is the initial /96
equilibrium disturbed ? What are the gasodynamic, electrodynamic, and thermo-
dynamic situations in the process after equilibrium has been disturbed? How
may we explain the comparatively short duration of a flare?

In order to answer the second question, it is natural to formulate and
discuss a hypothesis regarding the instability of the plasma formation, in
which the flare arises (Ref. 3, 6, 7, 10, 12). An attempt to study a non-
selfconsistent process -- compulsory contraction of the plasma by a magnetic
field which is increasing in the vicinity of the neutral point -- in essence
represents a special case of this hypothesis. The only difference lies in the
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fact that in this case the causes of the instability producing the field
amplification are not studied, but rather the causes of the instability which
is directly due to this amplification (Ref. 9). This question may be answered
by stipulating that motion plays the role of the causative factor in a group
of spots. However, it is still not completely clear why a plasma, whose
equilibrium is unstable, may be in this state considerably longer than the
duration of the transition process into a stable state. What specifies the
metastable state of the plasma, and why does the transition into the stable
state not occur gradually, in accordance with the deformation of the initial
stable configuration? Dungey (Ref. 15) and Sweet (Ref. 17), who studied the
unstable configuration of a magnetic field with a neutral point of the X type,
which 1is produced when the magnetic poles converge, avoided this fact.

Not every instability of a plasma configuration may serve as a flare model.
Changes in the magnetic field configuration during the development of an
instability are insufficient for observing a flare. It is necessary that the
instability be accompanied by dissipation of a significant portion of the
magnetic energy. Studies performed in the adiabatic approximation are un-
satisfactory from this point of view.

The formulation of a theoretical flare model may be initiated with the
selection of a certain, comparatively simple configuration of a magnetized
plasma, whose stability is then studied. When a pre-flare configuration is
selected, it is usually specified that the plasma is in mechanical equilibrium.
This makes it possible to select the initial plasma state quite arbitrarily.
If attention is called to the dissipative processes, then the arbitrary nature /97
of the selection may be significantly reduced, since electrodynamic and thermo-
equilibrium will be observed, in addition to mechanical equilibrium.

The purpose of this article is to clarify the extent to which the model
of the pre-flare state, which was studied previously, satisfies these condi-
tions.

The simplest model of the pre-flare state is the one-dimensional equilib-
rium configuration with a constant magnetic field gradient, which was studied
by A. B. Severnyy (Ref. 10). The law governing the density change within the
current layer was selected in the following form

_ 1 - x2
P = pg (_LZ ), )

i.e., it was postulated that the temperature within the layer was constant,

If thermal equilibrium in the layer were maintained due to the electron thermo-
conductivity, then -- as may be seen from the equilibrium condition (30%)%* --
the condition of a constant temperature entails the condition f(x) = 0. 1In

its turn, this condition requires that the gas pressure be constant, and the
magnetic field be uniform. It may be shown that radiation energy losses and
acoustic heating in the chromosphere of the Sun play a more significant role

in establishing horizontal equilibrium than does Joule dissipation and electron
thermoconductivity. However, in this case the isothermality entails uniformity,
* The numbers of formulas from the article (Ref. 13) are designated below by

an asterisk.
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and is incompatible with the presence of a neutral plane.

Another one-dimensional configuration (Ref. 9) with more complex laws for
measuring the density and field strength has also been studied:

1—x%h, (2)
P=Po( Lz ) ’
H=H0 [1 _——(l—ljzxz)!‘l’]‘l’ (3)

The temperature distribution follows from formulas (2) and (3) and the condi-
tion of mechanical equilibrium

1—x*
T=T
(% ) )
Substituting expressions (2) - (4) in formulas (28%) - (30%), we find /98

that the distributions (2), (3) are incompatible with the conditions of thermo-
equilibrium, which is established due to electron transfer. In actuality, it
follows from condition (30%) that
ol () _ 1-6x 5)
2x4¢°T 5 L?
The left hand side of this equation is essentially positive, whereas the right
hand side becomes negative in the case x2 > L2/6, It may thus be stated
that the electron thermoconductivity is not in a position to provide the temp-
erature distribution (4).

Let us determine whether such a temperature distribution is established
due to volumetric energy exchange, The relationship between the local values

of pressure and temperature follows from formulas (2) - (4)
p;:poRTE“/n Tsla’ (6)
while it follows from formula (37%) that
@ \1am
=) T @
[~ A0

It is apparent that the plasma will be in thermoequilibrium if the following
equations are fulfilled

1 r

3
% \3m 7, An o (8)
. =z 0, RT ; —— e e,
(a_) PR Am 2

Although in principle configuration (2), (3) is compatible with volumetric
energy exchange, the sources and losses which occur in actuality do not
satisfy conditions (8).

A configuration with a neutral point of the type X has been regarded in

(Ref. 3, 10) as the model of a pre~flare state, The dependence of the magnetic
field on the coordinates thus has the form

Hx:szC'i‘kz)'; Hy=_ (kxx'*'k‘zy)v ®)
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where kl’ k2, k., are constants. The pressure distribution is determined from

3
the condition of mechanical equilibrium
k,+k
P=Po— -~ '-g;;L (R1x*+-2kyxy+-kay?), (10)

where Poo is the pressure at a neutral point. It may be shown that this

distribution of the field and the pressure, in conjunction with the condition
of thermoequilibrium, is independent of the mechanism by which thermoequilib- /99
rium is established. However, on this basis we cannot assume that the con-
figuration being discussed is suitable for a model of a pre~flare state. 1In
actuality, according to well known determinations, the time required to
establish thermal and electrodynamic equilibrium by means of electron transfer
is very large, but the radiation—-acoustic processes establish thermal equilib-
rium quite rapidly. It is significant that the thermal relaxation time T does
not depend on the linear configuration dimensions in this case. A specific
determination of the relaxation time depends on the assumed chromosphere
model. Employing the model of Jager—-Kuperus (Ref. 16), we may obtain the
expression

T~ 10-73 719, (11)

The substitution of any tenable temperature values at the neutral point yields
a time which is less than one minute. If we assume the model advanced by

M. A. Livshits and G. M. Nikol'skiy (Ref. 4), the relaxation time decreases
by one-two orders of magnitude. In both models of the chromosphere, the
density is related to the temperature by the universal relationship

p:CTﬂlb_ (12)

The coefficient C in the model of Jager-Kuperus is on the order of 10-3; in
the model of G. M. Nikol'skiy it is one order of magnitude less. Thus, equations
(8) are not fulfilled. An elementary determination of the maximum field
strength by means of the relationship p = H2/8 7 and expression (13) yields
values which are on the order of several Gauss, which sharply diverges from
observations.

The reason for this divergence may be indicated. The determination
pertains to the strength of a self-consistent field of a magnetized non-
uniformity which is entirely located in the chromosphere, or in the inter-
mediate region to the corona. Such weak magnetic fields can actually exist
here. The field of the pre-flare configuration belongs primarily to sub-
photospheric currents, and not to chromospheric currents. This field is
almost completely nonvortical in the chromosphere (rot H = 0), and therefore
it is a field with zero force. A field with zero force has no influence upon
equilibrium, and may have any strength. Thus, the figure eight configuration
of the field, which was investigated by Dungey (Ref. 15) is arbitrary to a
significant extent. It must be assumed that the configuration postulated by
Sweet (Ref. 7) is closer to the real configuration.
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CONVECTIVE STAR MODEL WITH NON-RIGID ROTATION

V. V. Porfir'yev

The paper deals with the stationary rotation of stars.
It is proved that stationary rotation is characterized by
a decrease of angular velocity and "equatorial slowing"
down on the surface of a star in the presence of sufficiently
developed circulation., It is shown that such a law of rota-
tion is not observed in real stars; therefore, it is necessary
to consider rotation without circulation.

The equations of star structure in the absence of cir-
culation are derived. In this case the law of rotation is
determined by the distribution of temperature and density
in the star.

The law of rotation for a star with a convective core and
a radiative envelope is given. The angular velocity of rota-
tion increases slowly towards the surface. Distribution of
the angular velocity on the surface of such a star is similar
to that observed for the Sun.

Selection of the Rotation Law

Up to the present time, when the inner structure of a rotating star has /101
been investigated, it has almost always been assumed that angular velocity does
not depend on the coordinates —- i.e., it was assumed that the rotation is
rigid. However, as was shown in the study (Ref. 5), this assumption leads to
insoluble contradictions. This study determines the stationary law for the
rotation of a star. A preliminary investigation was carried out in (Ref. 5),
and the results of more comprehensive and precise calculations are presented in
this article.

Since we cannot assume that the rotation of a star is rigid, we must deter-
mine the law of rotation or the conditions which enable us to find it during
the computational process. We shall first investigate the Euler equation for
the ¢-component of velocity. We may immediately set the partial derivative
with respect to time equal to zero, since we shall only consider a stationary
case.

Let us write the following equation

v dv v,v /R
U,T’?'—f—vs—d—'ai rr? + %Cd: 9=0. (l)

Two assumptions were postulated when this equation was derived: The negligibly
small amount of immer frictional force and the retention of the stellar axial
symmetry (the latter assumption is obvious).
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Substituting Vg = TW sind in equation (1), after simple transformations

we obtain the following equation

Jdo A
rv,sln{}ér—-{—vs sin 8(—33 + 20,0 sin ¥4-2 vy wcos =0, (2)

which represents a determination of the stellar rotation law, if the circula-
tion current system is given. 102

Equation (2) is automatically fulfilled, if the circulation rate equals
zero. We shall call this rotation law "the non-circulation law of rotation".
We shall show that it is completely determined by the distribution of tempera-
ture and density in the star.

When circulation exists in the rotating star, the dependence of the angu-
lar velocity on the coordinates is determined by the current distribution --
i.e., by the circulation rate components V.. and Vg - Utilizing the equation of

discontinuity and assuming stationarity, we may express the rates V. and Vg by
means of the current function:
1 oS 1 oS
U=y - (3)
rpsintd 0%

rpsind  or
Substituting expression (3) in equation (2), after simple transformations we

obtain
L sinzﬁ)(?f 4 2rosin? § 9 _
ripsin?d ar 0%
0w oS (4)
—{r?sin?% - |-2%%wsindcosd| —=|=0.
ad or
It may be readily seen that the angular velocity may be determined by the
following relationship for the given current function
r2q sin? $ =f(S). (5)

The function of S has a constant value on the surface of the star, and the
dependence of the angular velocity on the latitude may be described by the

following formula
1
© ™ Sin®e (6)

In this case, the angular velocity has a singularity close to the stellar poles,
Therefore, we must take the inner friction into account in the region which is
close to the axis of rotation._  This leads to the occurrence of an additional
factor of the type 1 -~ e™© sind g expression (6).

The problem of the stability of the rotational law is very important.
Unfortunately, only general, qualitative statements may be given regarding
this problem, since significant difficulties are entailed in a correct mathe- 103
matical formulation of it.

It is apparent that if a law of rotation is established in a rotating star,
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- which may be determined by formula (5), it will be maintained for an indefinite
period of time. However, it is not clear whether this may be determined with-
out the most detailed mathematical studies and whether such a law of rotation
can be established in general. 1In particular, we do not know what transpires
with a star which is in a state of rigid rotation at the initial period of time.
It is clear that circulation, which may be determined by the theorem of Zei-
pel, slowly arises in such a star. This circulation changes the law of rota-
tion quite rapidly, which leads to an intensification of the circulation. It
is possible that, as a result, a stationary law of rotation is established
which corresponds to expression (5). However, it is also possible that the
star cannot reach a stationary state, and rotational oscillations are estab-
lished within it (Ref. 6). Unfortunately, the mathematical problems which
arise when such a case is studied are so complex, that it is hardly possible
to solve them at the present time.

The stability of a non-circulation rotational law is even more complex. The
non-circulation law for regions in radiative equilibrium cannot be barotropic,
since in this case Zeipel «cireulation arises. According to the theorem of
Bjerknes-Rosseland, baroclinicity of rotation assumes the formation of circu-
lation. On first glance, it would appear that a non-circulation law of rota-
tion cannot be stable. However, such a conclusion is premature.

We cannot solve the problem of the stability of a non-circulation law of
rotation without the appropriate calculations, but we may make a few statements
regarding the conditions under which it is stable. First of all, the case is
not excluded in which Bjerknes circulation does not arise in general under such
a law of rotation. Even if it does arise, it may be so weak that departure
from the state of equilibrium requires a period of time which is comparable
with the time of evolution for the star.

A change in the law of rotation due to the circulation which is produced
cannot lead to a change in the stellar structure. A very intensive preliminary
study has shown that circulation arises in the star which proceeds in an oppo-
site direction to the circulation producing the change in the law of rotation.
In this case, rotational stability according to Lyapunov is provided. Finally, /104
as Mestel (Ref. 1) has shown, circulation produces asymmetrical distribution of
the molecular weight, since a substance rich in helium passes out from the con-
vective core. This must also lead to cessation of circulation in the star.
Thus, qualitative considerations point to the conclusion that the non-circula-
law of rotation is stable.

Since a mathematical study of the selection of the law of rotation is
hardly feasible at the present time, we must turn to observational data and
must use them to reach a conclusion regarding the law of rotation in real
stars. However, our knowledge is quite limited on this point. The law of ro-
tation for only one star is known -- the Sun, and we only know the dependence
of the angular velocity upon latitude on its surface. We may obtain some addi-
tional information by studying the effects of rotation in the radial velocity
curves for eclipsing binaries. Unfortunately, the accuracy with which radial
velocities may be determined is insufficient for a reliable determination of
the law of rotation. However, a detailed analysis of observations leads us to
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the assumption that a law of rotation which is characterized by equatorial
acceleration is most probable. Therefore, we must renounce the law of rotatiom
(5) according to which strong equatorial deceleration must be observed.

Allowance for inner friction canmnot change our conclusion in any way,
since viscosity can decrease the velocity gradients, but it is absolutely im-
probable that its effect may change the sign of the gradient.

Thus, we must assume a law of rotation without circulation. This assump-
tion considerably facilitates the problem, since in this case the equation of
discontinuity is exactly satisfied, and the derivative with respect to time of
the ¢—-component of wvelocity vanishes in the Euler equation.

Basic Equations of the Theory

Stars of the main sequence may differ considerably in terms of their struc-
ture. A model with a convective core and a radiative envelope corresponds to
the upper section of the main sequence. A model with radiative equilibrium in
the central section and with an envelope which is in a state of convective
equilibrium corresponds to stars of the lower section of the main sequence. 105
The present article will investigate a model with a convective core and a
radiative envelope; this model was compiled for the star Y Cyg by Rundkjbing
(Ref. 7) (this same model was employed in previous studies by the author). The
model selection was based on the fact that a study of the effects of rotation
in stars of the upper section of the main sequence (where the largest rotation-
al velocities are observed) is of the greatest interest. In addition, an in-
vestigation of a model for a rotating star of the main sequence lower section
is complicated by the necessity of taking into account the outer convective
zone. Clarification is still needed for such phenomena as transfer of the ro-
tational momentum to the convective currents, the role of turbulent friction
in the convective zone, etc. These considerations also appeared in the selec-
tion of the model,

This study will not investigate the structure of the stellar convective
core, since it has been already studied in sufficient detail in (Ref. 2 - 4).
Data on the structure of the convective core, which were necessary for comput-
ing the envelope, were taken from these studies.

Just as previously, we shall assume that the convective core rotates like
a solid body. Vigorous convection in the core apparently provides sufficient
internal friction, so that rigid rotation is established for cosmologically
short periods of time. The fact that it is impossible to obtain equatorial
acceleration on the core surface during rotation of the core according to the
law (5) represents an important argument in favor of rigid core rotation.

Let us investigate equations for the structure of the radiative envelope.
If there are no circulation currents, then the structure of the star may be
described by equations of hydrostatics
1 0P 0V
— o= = —— -k (1—pf) o’r; (7)
p Or ar
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p Op Op ’ (8)
where P is pressure; p ~- density; Pc and Pe —~ values of these quantities in
the center of the configuration; V —- gravitational potential.

Let us represent the equation of state in the form of a pseudopolytrope

(Ref. 4)
P=P p -1+1n K (r, p)pitin (9)

Selecting the constantn and function K(r, u) in the appropriate way, we may ob-
tain any equation of state. Substituting equation (9) in equations (7) and (8) /106
and changing to Emden variables

Y 2
p=p.0" r = Pe E X= “o , (10)
4=Gp, 4=Gp,
after obvious transformations we obtain
0 (K9) p, OV a8 o \?
OK8) _pe OV k99 (e 1)
& P, o P
L. 2
IO _ e OV 20 ey (2 az
op P, Op oy We

The latter equations are equivalent to a single vector equation., Taking the
divergence of both parts, we obtain

2(k0) = Pe gy —pn L. 9 (e ‘1‘2)1_12[ 1—p2 K@J 13
v (K0) = Lo gy n{gz ,ag(‘-Kag e 0K (13)
"l“f(Ey l")-

Let us write all the desired functions in the form of a series with re-
spect to the small parameter and with respect to the Legendre polynomial:

c

o~

ST Ay (9) Py (1)

je2

-

K, 1) = Ko ()4 %[ (@) 4

B 8) = 0B %[0 ) + 3 4H O P ()

j=2

V(E, 1) == Vo(§) +X (U, (6) + Y AU;®) P,-(u)w; (14)
26 0 =(2) =2 @+ X 2O P
o je2

f=F®+ Y LE© P W)

j=2

87



The function f may be determined by the following expression /107

F)
f=2z +(1~p”)(§g§— 95}51)- (15)

From this point on, we shall restrict ourselves to the case of angular
velocitites which are so small that we may disregard the terms containing the
parameter in the second and higher powers. Then, substituting the expansion

(14) in equation (13), we obtain

1 d d(p 1 d d9, (16)
2 %0k Pev KO = & (e C0).
& [E dE(Pc‘VO K 0)] " g d&(g Ko di) '

L dfndfey j(j+1)[90

—_ = {E? = A (20,4, - L Xy, —A, (2,9, +

g df {& d&[Pc 1A (0 HJ]KO)] £ p,’ ) (% an

d ay; ao J(j+1)
—'r-KO',,-)] =A;n {52 E(EZKOH—EJ + % -F“O) - T Ko ‘Pj} — [ (®)-

We may readily obtain the expressions for the potentials V0 and Uj from these

equations
€
v, = fﬁ[(n_]-l) K8, n\yeo d~K_°dxl ’
. dx
0
P 1 E
y,=Fo {A,- (8- (1) Kby) — —— S ((j+1) X
] 2/+11\ ; (18)
3
X A;nQ;+xf; (x)l% 4 g U S AnQ; — xf; (x)) X
0
X xf-}‘l dx} + BjEj’
where
L dK dB,
Q= ‘l’jdﬂg"‘“i i (19)

In addition, let us substitute expansion (14) in the first of the hydro-

static equilibrium equations (11) and let us exclude the potential from the
equations obtained by means of expression (18). We shall regard the equations /108

obtained
£ £
i 1) AnQ 4 xf (5 ‘_li‘___(j‘*'l)‘g—uw) ‘AnQ, —
Lo (100 apgra g = LH AR, n
0 d
R=+2
—xf () F+dx =Y By ;7 5 tH/BY
Re—1
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as equations determining the dependence of the angular velocity on temperature

and density. The functions zj—2’ Zj’ zj+2 with respect to the three unknowns

are contained in each of these equations. We may obtain their solution by
truncating the series at any term. Further calculations show that the terms of
the series rapidly decrease with an increase in j. Therefore, we may confine
ourselves to the first two terms of the expansion.

Solving equation (20) first for j = 2 (assuming that all z, = 0 in the
case of j > 2), and then for j = 2, we obtain¥* J

e
130 E d 0 o
— A"Ile‘ ’%V'JF ’
x?
0
35 35 E d
¢ " . X
2, = g‘ B;&' - ‘3_ A4’l§2 5‘ Q x; : (22)

Since the coefficients A, decrease with an increase in j very rapidly, we
may write J

£
_(2/4-3)(2/+) . . dx
Zj == 1 T '[B/E./“Aj;-'z”@j [Qj»l—z ;vf‘f-;] . (23)

«
0

Substituting (14) - (17) and (21), (22) in (12), we readily find that all B,,
with the exception of BZ’ equal zero. J

We thus arrive at the conclusion that equilibrium of a rotating star is /109
only possible in the absence of circulation for an angular velocity whose de-
pendence on the coordinates is determined by expressions (21) - (23). 1In
other words, these expressions determine the non-circulation law of rota-
tion. Their physical meaning consists of the fact that equilibrium between
the forces of gravitation, pressure, and centrifugal forces is only possible
for a specific distribution of temperature, demsity, and the angular rotational
velocities.

In addition the model of a rotating star may be described by the equa-
tions (16), (17), (21) and (22) or (instead of the last two) (23) and the
Pousson equation. In these equations, it must be taken into account that all

Bj in the case of j > 2 equal zero. For constant BZ’ it is advantageous to

assign a value of 1/3, since in this case the parameter wg equals the angular

* In the studies (Ref. 3, 4), incorrect values of the coefficients are given
in the expression for Zg for integrals from Q4. The error was not discov-

ered, because these terms were not used in subsequent computations.
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velocity in the ceanter of the configuration.

Calculation of a Rotating Star Model

It is extremely difficult to employ the equations given above to make a
direct formulation of a model, since numerical methods require a great number
of computations. However, we may significantly facilitate the computations,
if we change to another form of the equatioms.

It may be readily seen that the function K may be expressed by means of
temperature and density

1—8, <7+
K=B11+ € —
B 5 oo (24)
(Bc —— ratio between the gas pressure and the total configuration at the center;
T —— ratio between temperature and its value at the center).

Substituting © from formula (14) in formula (24) and expanding T in
double series with respect to the Legendre polynomial and with respect to the
small parameter A

1:10—}—X[t0+ Z Ajtj(E) Pj(f"):‘ ’ (25)
j=2
we obtain the following expression for the function x
To " 1_‘{31:) 'c; ]
%, =214 (1—8) - t,—~B, [14+4—"5) 24,1, (26)
=g |10 g (144 ) Sy
From this point on, it will be more convenient for us to use the following re~ /110
lationship
r—[ T, -]'/.71 27
477690‘3:""

instead of expression (10).

Let us now differentiate (24) with respect to n and also the expression
obtained, and let us substitute the expression (26) in formula (19). Perform-
ing simple transformations, we obtain

(4
where
h = _EQ_. . — _d In 60 . — d]n Tg
8, ©oee dn 7" dn

Let us turn to the equations of equilibrium for a radiative envelope

—;— grad P=grad V+4j; (29)
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P

c
— grad P,=F;
kpg 2 ?

(30)
ViV= At (32)

where J is the vector of the centrifugal acceleration with the components
{wx, wy, 0}.

Let us take the divergence of both parts of equations (29) and (30). Elim-

inating the potential by means of equation (32), eliminating F by means of equa-

tion (31), and taking the fact into account that € = 0 in the radiative enve-

lope and that div J may be represented by expression (15), we obtain a system

of the second order with respect to P and p. Employing the apparent relation-
ship

P=Rg i %n,
N 3

we may simplify this system. Employing the expansions (14) and (25) and also
the formulas (10) and (28), we obtain the following system of equations¥*%*:

111
1 8
izga_o. :_zd_d +G (ge g)’_____g_ :__
dn n . () (33)
2
Pro _ 2 05 3 "’(g, go);
dn? ! d
a*y; b; ( JU+1 )) )
—, g = — 2 F —— +
dnt —(Fx )d"lz+F2dTl s+ - 7 ¥, I
—"' F4.j+G
i i (j 34)
'ty ! at; . b ( J(Jj) (
-d'nz":(Fs‘_‘ ;)EETFS'EE‘)‘ Fi 4 7
+ Fgb; )

Equations (33) describe an unperturbed star and must be solved by the
methods advanced by the theory of internal stellar structure. In particular,
we may employ the data obtained when a non-rotating model was calculated.
Without dwelling in detail on equations (33), we should note that in several
cases they are more convenient than the equations which are written in a form
which is customary for the theory of internal structure.

System (34) together with expressions (21) - (23) and (26) describes per-

turbations of the first order which arise when stellar rotation is taken into
account.

The coefficients F1 - Fg and Gy have the following values:

%% All the intermediate calculations are omitted due to their cumbersome
nature.
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We may readily obtain the values of the constants a,, b,, c., d, by com—
comparing expressions (14) and (15). S R Y

The boundary conditions for equations (33), (34) are : 112

(1) In the case of n = U (n0 -- boundary of convective core), the den-

sity, temperature, and their first derivatives are continuous;

(2) The angular velocity remains finite in the case of n = ny (nl -
outer configuration boundary).

According to expression (28), the latter condition may be written in the
following form

L () =4 (n) ¥y (n)- (36)

Let us examine the process for solving the system (34). First of all,
let us truncate the expansion at the term with a sufficiently large j. This
may be done in expansions for functions tj’ wj, since the coefficients A.j

rapidly decrease with an increase in j. However, the assumption that all
z, = 0 in the case of j # 2 leads to a disturbance of the condition (36) --

i.e., we cannot assume that the term Gj equals zero in equation (34). In order

to satisfy the condition that the angular velocity be finite, we may approxi-
mate the term Gj by an expression of the following type:

Aqg[ (nY*j )
Gy =" J.
/ 4A; o K

J
Assigning the wvalues of wj’ tj and their first derivatives at the boundary of

the convective core, we may solve the system (34) for a certain j. Condition

A
(36) makes it possible for us to determine -%ig. The obtained values of

i+2 tj in their turn make it possible tg determine —a—, etc., -- i.e.,

et § s 9
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A
until the ratio K& is determined.
2

It may be readily seen that condition (36) is not fulfilled in the case of

j = 0, and we cannot find the coefficient AZ‘ Therefore, in order to deter-

mine the coefficinet A2, it is necessary to assign one boundary condition. The

continuity of the potential and its first derivative at the configuration
boundary may serve as this condition. However, specific difficulties are en-
tailed when it is employed.

Let us write this condition in explicit form. Employing the expression
for the potential (18) and taking the fact into account that the corresponding

expansion harmonic of the outer potential has the form —J . we obtain
j+1
gd

£, N
. d C; y
A, L(rz-a-l) Ko (&) 4 (&) — 1 (&) [Q; —] = gl B

0

&
dd, . dx (37)
A; [(n—l—l) Ko (§) (Zi&])eg — njEg+ ij x-’} =
! o

'+-1)C;
— (J+ )_J__ijEj—l'

§j+'z‘

where all Bj equal zero in the case of j # 2. Excluding the constants Cj from

equation (37), we obtain

n oy ke|orue ra(), |-

£, J (38)
— G0 ng [ @) = @ BR.
1}

If j # 2, then Bj = 0, and equation (38) may be satisfied in the case of Aj=0'
This must mean that all zj = 0 and that the angular velocity of the pseudopoly-

tropic configuration depends only on the radius. This conclusion directly
contradicts observations., However, a direct formulation of the requisite
numerical data shows that in the case of j # 2 the factor vanishes in expres-
sion (38) in the case of A.j -- i.e., equation (38) is an identity in the case
of j # 2.

There is no precise proof for the fact that condition (38) is identically
fulfilled in the case of j # 2. Such a proof would be extremely important. If
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we could show that condition (38) is never fulfilled identically, this would

mean that one relationship between the main parameters of a star has been

found. Since —- according to the Voigt-Russell theorem —-- the stellar struc-

ture is determined by the mass and chemical composition, such an assumption

would mean that rotation would provide an additional condition relating these /114
parameters. Nevertheless, observations provide no basis for stating that such

a relationship exists, and the automatic fulfillment of condition (38) for all

j # 2 is more probable.

For j = 2, we obtain the following expression under this condition

5
P ——

S e
d
(n+UKM%4é%@J+E«%%)E]»ﬁnQSth
=3
0

(39)

All the fixed problems have been completely determined, and we may formu-

late a numerical solution, which will provide us with a model of a rotating
star.

Calculation of the Rotating Star Model

As was indicated above, the model of a hot star, compiled by Rundkjbing
(Ref. 7) as applied to Y Cyg has been employed as the zero approximation. The
characteristics of this model are as follows:

R M
5 +5.86 1g 77— ==1.236 lg L ==38.43
RG) MO

R co.m Brp=-0.839 Xy ~0.38

Ry

Xy =0.54 z--0.08 xcy = 0.0012
.—3.10-10°7  p,=2.40 B, = 0.761

2=0.829

In order to calculate the rotating star model, it was assumed that the
term G4 may be approximated by the following expression

orali-(3)]

As a result of the calculations, the functions z, and z, determining the stel~ /115

lar law of rotation were calculated. The values of the functions for indivi-

dual points in the interval between the convective core boundary and the sur-
face of the star are:

r/R 2, 23
0.41 1.000 —0.000
0.50 1.001 0.001

0.60 1.009 0.006
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r/R z, z, (continued)

0.70 1.02€ 0.009
0.80 1.059 0.012
0.90 1.067 0.015
1.00 1.068 —0.018

The computational results show that the angular velocity depends slightly
on the radius. Its maximum change comprises about 10% in all. We may there-
fore assume that the results obtained for a model with rigid rotation are
sufficiently accurate. In this connection, we did not calculate the main char-
acteristics of the model in this study (mass, luminosity, etc.), since they
must coincide with those presented in (Ref. 6).

The law of rotation obtained is of the greatest interest for the study.
The change in the angular velocity on the surface of the star may be described
by the expression

® (R) = wo[1 —0.09 Py(cos #)]. (41)

This expression coincides qualitatively with the law of rotation for the Sun
wg ~ 1 —0.24P, (cos M)} (42)

The smaller value of the coefficient in expression (41) for P, may be easily

explained by the fact that the convective core in a hot star occupies a much
larger portion of its volume. Therefore, it is natural that the coefficient
must have a smaller value in the model of a hot star. In addition, the inte-
grand in the expression determining zj must have a larger value for the Sun,

since the zone of radiant equilibrium occupies the central regions of the star.
Thus, the fact that the dependence of the angular velocity on latitude on the
surface of an early-class star is not as pronounced as that for the Sun may be
quite simply explained by the theory described.

The presence of an outer convective zone on the Sun complicates the dis-
cussion somewhat. The influence of this zone may be only taken into account
qualitatively, since it is not clear what type of friction arises due to the /116
development of turbulence in the convective zonme. However, certain arguments
may be advanced in support of the fact that motion in the outer convective
zone is of an orderly nature. 1In this connection, the turbulent friction plays
an insignificant role. Qualitative considerations indicate that in this case
the nature of the dependence of w on latitude is determined by expressions
(40) or (41). However, the numerical coefficient for the Legendre polynomial
is smaller than would follow from theory.

The most unexpected result of the theory is the increase in the angular
velocity in the star from the boundary of the convective core to the surface.
On first glance, it would appear that this result must lead to the conclusion
that the model advanced cannot be stable. However, it was indicated above
that the law of rotation must be stable according to Lyapunov. Thus, oscilla-
tions arising in the star will be extremely small, and it would be almost im—
possible to discover them with present day technology. The establishment oﬁ
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such a law of rotation may be explained quite well on the basis of cosmological
considerations.

Thus, on the basis of the above statements we may draw the conclusion that
the observed law of rotation for the Sun is a typical law of rotation for stars.
It may be expected that the dependence of the angular rotation velocity on the
coordinates of early-class stars (0, B) is less pronounced than that for the
Sun. On the other hand, it is more pronounced for stars of the K-M spectral
class. Disturbances of the law of rotation must lead to strong circulation,
and are munifested in the special behavior of the stars (stars of the BCMa
type and other objects). In order to explain the solar law of rotation, there
is no necessity of resorting to the hypothesis of a strong general magnetic
field and other assumptions, since this law is a consequent of the equations
of hydrostatics.
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CATALOG OF PHOTOGRAPHIC MAGNITUDES OF COMPARISON STARS IN
GLOBULAR CLUSTER M92

‘L. I. Paneva, E.S. Kheylo

A catalog of magnitudes of 278 stars in the neighbor-
hood of the globular cluster M92 is contained in this paper.
The value of the internal error is +0m.02. A transitional
formula of our photometric system into the international
one is given.

The present catalog represents the first portion of research on variable /118
stars in globular cluster M 92, Unfortunately, variable stars in this cluster
have been studied to a very small extent, in spite of the very favorable
position for observers in the northern hemisphere. Photography of this cluster
was initiated at the Main Astronomical Observatory of the Ukrainian SSR
Academy of Sciences. The plans included several observations lasting many
years, a search for variable stars, a determination their precise periods, a
clarification of the change in the variability parameters, etc.

Observations were performed on a 70-centimeter AZT-2 reflector. A
photographic device of the Cassegrain system was employed (F = 10.5 m). Before
May, 1964, non-sensitized Agfa Astro plates of the same series (emulsion No.
1541) were employed with an exposure of 10-30 minutes. More sensitive photo-
graphic materials are presently being employed. All of the photographs were
taken without a filter.

Four pairs of plates, out of all the photographs between 1961-1963, were
selected in order to compile the present catalog. Each pair was obtained in
one night. Table 1 presents a list of the negatives employed.

The negatives were subjected to photometric analysis by means of a
MF-2 microphotometer with a fixed, circular diaphragm. The measurement method
employed has been described in detail in (Ref. 1). Due to the fact that the
cluster was located in the center of the plate, the error of the field was
not taken into account. The stars were located so close together in the
central sections of the cluster that not only was it impossible to measure /119
them, but it was even impossible to separate them. Therefore, the measurement
zone was delineated from the inner side by a circle having the radius 1'.2,
and from the outer side by a circle having the radius 9'.3. This was due to
the fact that at large distances from the center, the density of the stellar
cluster almost equalled the density of the field stars.

A photometric standard of H. Arp et al. (Ref. 2) was employed to compile
the calibration curve. Stars No. 3, 11, 17, 18 of this standard served as

reference stars.

After obtaining several values for each plate, the authors determined
the mean catalog values. Since the catalog had to be employed for finding
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TABLE 1 unknown variable stars, it was impor-
— - tant that any possible systematic dif-

Catalog | Julian Time of | Exposure ferences between the individual series
Number Half Exposure |Duration, be reduced to a minimum. Therefore,
o Minutes .17 the measurements were reduced to
. 2 ts the
K117 9 437 764.4343 % one.system Table 2 presents th
K118 -4510 20 serial number, the number in the sector
K164 910.3921 15 (see the identification map), and the
&{gg IQgggg %151 stellar magnitude in this system. The
K167 .3025 15 stellar magnitude interval ranged from
ﬁg%g 8177-%%% gg 13.50 to 16™.00, although a few stars
) exceeded this limit.
TABLE 2
Number [ Number ( !Number '
Ne in | m |Ne in m Ne in m
Sector ‘ Sector ! Sector
1 I— 1 14.59 7 7 15.61 13 13 15.06
2 2 1570 8 8 1535 14 15 15.66
3 3 1592 9 9 14.16 15 16 15.07
4 4 1593 10 10 15.60 16 18 1483
5 5 498 11 11 15.11 17 19 13.71
6 6 .81 12 12 15.66 18 20 15.26
19 122 1447 61 H—42 1496 | 103  IV—8 1585 {120
20 24 1598 62 44 16.03 104 9 1513
21 25 1534 63 46 1540 105 10 1447
22 26 1554 64 49 1573 106 14 1536
23 27  15.50 65 50 1529 107 15 1551
211 28 1532 66 52 16,12 108 16 16.13
25 29 1479 67 53 15.17 109 18 15.79
26 32 16.01 68 II— 1 15.42 110 19 1481
27 33 1487 69 7 15.82 111 20 1555
28 34 1554 70 16 15.89 112 21 15.15
29 35 15.02 71 21 14.56 113 22 1530
30 36 1533 72 22 1417 114 23 1497
31 38 15.94 73 23 1473 115 24 1492
32 41 15.95 74 24 1599 116 28 15.2%
33 45 1576 75 26 1496 117 30 1544
34 49  15.33 76 29 1478 118 39 13.85
35 50 16.01 77 31 13.89 119 41 1534
36 51 15.39 78 32 1546 120 42  15.69
37 53 15.34 79 34 1531 121 44 1559
38 54 1516 80 35 1577 122 45 16.07
39 --1 1577 81 36 15.03 123 51 1536
40 5 15.06 82 37 1492 124 52 15.26
41 6 1560 83 39 15.66 125 53 15.34
492 8 1576 81 40 1592 126 54 16.13
13 i1 15.84 85 41 11.67 127 56 15.63
44 12 1581 86 42 1516 128 57 1479
15 16 1475 87 44 15.60 129 58 16.03
16 17 1545 38 47 1427 130 59 1531
47 18 1534 89 48 15.81 131 60 14.76
18 21 14.21 90 50 14.37 132 61 16.07
49 23 % 15.64 91 51 1374 133 65 1531
[3 25  15.66 92 52 1512 134 66 1492

* Suspected of variability.
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51

52
53

55
56
57
o8
59
60

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
163
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

Number
in
Sector
26
28
29
30
31
34

15.58
15.86
15.11
14.37
1540
15.79
15.44
15.14
15.46
15.51

15.34
15.09
15.42
15.20
15.25
15.88
16.05
14.99
13.77
14.67
14.63
15.23
14.85
15.46
16.02
14.75
15.05
15.90
14.84
15.32
14.66
15.60
14.74
15.95
15.54
15.24
15.91
14.98

14.98
15.26
15.89
15.50
15.42
15.46
14.77
15.06
15.63
15.98
15.83
15.47
15.50
15.92
15.70
15.44
15.74

Sector

93
94
95
96
97
98
99
100
101
102

190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234

Continuation of TABLE 2

15.22
15.40
15.64
15.59
15.39
15.53
15.31
15.32
14.47
16.02

15.15
13.62
15.32
15.27
14.46
15.26
15.67
15.67
14.97
14.47
14.95
15.84
15.40
15.67
14.52
15.24
15.15
15.49
15.77
14.31

14.31

15.93
15.95
15.64
15.60
15.36
15.99
15.63
15.65
14.84
16.13
15.16
15.78
15.85
13.61

15.18
15.01
15.38
16.08
16.16
15.21

15.93
15.20
14.93
15.26

Number
Ne in m
Sector
135 68 15.35
136 69 14.00
137 70 16.02
138 V— 4 148]
139 5 1539
140 6 16.30
141 7 1553
142 9 1531
143 10 1532
144 I 1532
235 VII-38 1525
236 39 13.86
237 40 15.86
238 42 15.99
239 43  15.57
240 44 1561
241 45 15,22
242 47  14.76
243 VIII— 1 15.03
244 2 1534
245 3 1476
246 4 1556
247 6 16.04
248 7 16.05
249 9 15.61
250 14 1561
251 15 13.64
252 16 14.60
253 17 14.81
254 20 15.94
9255 21 15.64
256 22 1445
257 25 1391
9258 27 1494
259 28 1439
260 29 16.12
261 31 1480
262 32 1414
263 33 15.68
264 34 1594
265 35 15.39
266 36 1570
267 37 15.74
268 38 1524
269 40 14.28
270 41 15.18
271 44 1521
272 46 16.09
273 48 15.20
274 51 1457
275 53 15.34
276 54 14.55
277 57 15.99
278 58 14.23

/121
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A comparison of the stellar magnitudes obtained for different plates /122
shows that only one star -- I1 - 23 ~- could be suspected of variability, since
the divergence between the given magnitudes amounted to 0m.60 for it. No other
variable stars with amplitudes exceeding the measurement error were discovered.
The variability of star II - 23 was repeated in all the photographs at our
disposal. It should be noted that all of the variable stars, which were
discovered previously by other researchers, also changed their brightness

considerably on our photographs.

In order to determine the accuracy of the catalog, the entire interval
of stellar magnitudes was divided into sub-intervals for every 0m.5. Within
each of these sub-intervals, the mean square errors of one determination
€4 and the mean quadratic errors of the catalog magnitude & were computed

(Table 3).

In order to compare our photomet-
TABLE 3 ric system (mM) and the international
photographic system, several pairs of
photographs of the M 92 and M 13
T oo A clusters were obtained. The bright-
Stellar Magnitude ness of a large number of stars was

Interval o ¢ measured in cluster M 13 in the
L I international photographic system.
13750~ 140 0032 0020 With allowance for correction due to
11.01-11.50 030 020 differential absorption of light in
11.51--15.00 .0lo 025 the atmosphere (difference between
15.01 -15.30 .029 .020 zenith distances of both objects at
15.51- -16.00 .040 .025 the time of the photograph did not

Mean Value -034 .022 exceed 10°), the stellar magnitudes

of several stars were determined in

the M 13 cluster according to our

system, and the results were compared
with results presented in (Ref. 3). It was found that the following relation-
ship exists between the systems

”Hﬂg::1.037”ZM-AOm.43’

and the correction for color is negligibly small,
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VARIABLE STARS IN GLOBULAR CLUSTER M92
E. S. Kheylo

The observations of six RR-Lyrae stars in M92 and
the results of their evaluation are given. The periods
are determined, and the variation of the period is found
for one star.

Globular cluster M92 (NGC 6341) belongs to the IV class of concentration, /124
in terms of the Shapley classification,and has a comparatively small number of
variable stars. The cluster was studied in (Ref. 2, 7). The spatial distribu-
tion of the stars was investigated (Ref. 7), and a color-stellar magnitude
diagram was obtained (Ref. 2). However, as was pointed out in (Ref. 1),
variable stars in the cluster have been studied to a very small extent.

Several short series of observations have been performed, and the periods were
determined only in one case.

In 1938 Nassau published his 38 observations (Ref. 4). He employed the
scale method to estimate the brightness of the variable stars discovered, and
the stellar magnitudes were determined within an accuracy of 0®,1. The
observations encompassed a period of about one year. During the year Hachenberg
(Ref. 3) published a detailed investigation of the cluster M92. He discovered
several variable stars independently of Nassau, and found periods of bright-
ness change for 13 of them. Later on, Oosterhoff (Ref. 5) again determined
the periods of the four stars studied by Hachenberg (Ref. 3). The brightness
of certain variable stars was measured incidently when the study was performed
(Ref. 2), but they were not published.

Thus, 16 variable stars have been discovered in cluster M92. Out of
these 16, 11 belong to the type RR-Lyrae; one belongs to the type W UMa (field
star), and the variability was not determined for the remaining types. Nassau
and Hachenberg (Ref. 3, 4) performed their observations at almost the same
time, but the Hachenberg elements do not correspond to the observations of
Nassau in every case. For example, for star No. 2 (number of the variable
stars is given according to the Sawyer catalog (Ref. 6) at the time
JD 2,428,366.686, Nassau observed an increase in the brightness. According /125
to Hachenberg, the phase 0P.477 —— i.e., the region of the minimum -- corres-
ponded to the same time on the brightness curve. This is not the only lack
of agreement.

The material which we obtained and the method employed to determine the
brightness of the comparisonstars are described in (Ref. 1). This article
presents a summary of the observations of six stars (No. 1-5, 8) and their
analysis. The stellar magnitudes of the variable stars were estimated
visually according to the Neyland-Blayzhko method. Two hundred and eighteen
photographs obtained between 1961-1963 were studied. Table 1 gives the
numbers and brightness of the comparison stars in degrees (for their stellar
magnitudes, see [Ref. 1]).
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TABLE 1

Variable Stars

Com-—

pari- 1&2 | 3&8 ] 4 5

;O;er Degree! Ne Degrees Ne - |Degree e Degree
1—29 0.0 VIN-32 0.0 VIN-32 0.0 n—22 0.0
I—22 7.2 1—22 8.4 1-22 8.4 m—-23 10.8
1—18 14.0 1-29 14.8 VI3 15.0 1m—-26 16.2
11-29 19.7 1—35 20.7 ViI-2¢4  21.7 n-34 23.1
1138 24.1 1—51 26.6 VII-25  30.2 n-3a5 30.7
11—18 31.4 1—45 35.5 VHI-17  38.5

We had to first determine whether the Hachenberg elements (Ref. 3)
corresponded to the observations obtained. After reducing our observations
to the Hachenberg periods, it was found that the maxima of the brightness
curves deviated from the ephemeris computed according to its elements.

In addition, only the elements corresponding to our observations were
calculated, without including the observations of Nassau, which were separated
by too large a time interval. It was possible that the periods of certain
stars had changed since the 20 odd years which had elapsed since these
observations. Therefore, we had to know the behavior of these stars during
the intermediate years in order to relate the old series of observations with

our series.

Information on six of the stars which were studied is presented below.

Variable star 1. Eleven brightness maxima were determined during the
observational period. The following formula was found according to these maxima

Max JD hel =2 437 872.415+04.702 702 E, @
which best satisfies all the observations. However, the behavior of the /126
remainders O—Cl (Figure 1) points to a continuous change in the period. We

derived a formula of the following type
Max JD hel =2 437 872.373+ 04.702 700 E +0<.00 000 019 E2. (2)

An analysis of the remainders O—C2 shows that formula (2) satisfies all the

observational maxima quite well. The unusually large coefficient in the case
of E2 occasions some doubt., It is possible that there was a jump-like change
in the period in this case. The time of the "jump" occured at JD 2,437,872.
Observations before this time may be described by the formula

Max JD hel=2 437 555.499+ (3)
+04.702 595 E,
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and after it

o] .. Max JD hel=2 437 872.362+ @
oi0p o . +04.702 824 E.

:mv: . : The maxima and the remainders O—Ci
-.020t : (for formulas (1) - (4), respectively)
) are summarized in Table 2,

056 cea 0 t.aa R ,14‘__1_._;'_4_
-500 -300 -100 160300 509 E
The mean brightness curves
(Table 3, Figures 2 and 3) were
obtained according to formulas (3) and
(4). The small difference between
them may be explained by the small

Figure 1

Behavior of Remainders -
O—Cl, for Variable Star 1

TABLE 2
Max E , o—c, , o—c, l 0—-C, | 0—C,
2437411.481 —656 40.038 —0.007 -}-0.014 —
518.479 —461 4 .009 -+ .011 4 .006 -
53.396 —454 4 .007 - .011 4 .005 -
5.481 —451 — 016 — .012 — .018 —
872.368 0 — .047 — 004 — .001 -0.006
943.313 4101 — .045 — .004 — — 004
8069.530 4309 — .020 - .006 — — 005
177.386  }434 — .001 -~ .006 —_  — 00
260.312 4552 4+ .006 — .008 - — 009
2.441 43555 4 027 + .012 —_ .012
91.247 459 4 .02 — .002 — i .002

accuracy with which the ascending branch of the first curve was compiled, due
to a small number of points.

TABLE 3 /127

Before Jp hel 2437872 | After D hel 2437872
_PHase m 'Phasel m Phase m Phase| m

0.003 14.63* 0454 1566 0.000 14.59 0.53 15.77

047 77 .58 68 047 .70 .640 79

.003 .85 -657 .79 .101 .85 .746 .79
_155.. ...93____ 722 _ . & ._153_ _15.02_  .839 .80

257 15.45 .856 " .32 .252 31- .906 .26

362 .66 974 14.48 .351 60 .951  14.70

449 62

* 1In all the tables, the stellar magnitudes are given for the mean curves
in the international photographic system.
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14m .84 on the ascending branch.

Variable star 2.

the observations

The mean brightness curve, compiled according to this formula, is shown in
Figure 4, and the corresponding data are given in Table 4.

Very few reliable maxima were obtained for it.
fore, the period occurred at the time when the brightness of the star reached
The following linear formula coincides with

Max JD hel=2 437 872.335+04.643 910 E.

brightness before the minimum is absolutely real.

Variable star 3.

TABLE 4
Phase m EPhase .m RPhase m PPhase m
0.052 1439 | 0254 1516 | 0.558 15.83 | 0.83
-107 80 { 316 .41 645 .89 904 15%
167 97 442 ‘66 754 75 .952  14.98
-999 61

The following elements of the brightness curve were

obtained according to seven reliable maxima:

Max JD hel=2 437 872.707 + 04.637 456 E.

Figure 5 and Table 5 show the mean brightness curve.

in brightness takes place very rapidly, the individual points, which are
indicated by crosses ~— and not the average points -- are plotted for the
phases 0.91-0P.94,
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Variable star 4.

The following formula satisfies the observations

Max JD hel=2 437 872.518+04.628 909 E.

Figure 2

Mean Brightness Curve of
Variable Star 1 According
to Observations Before
JD 2,437,872

‘&J: L3 1 1 1 1 * t] hd °.°
000.10 .20 .30 40 .50 63 70 .60 90 000 phase

Figure 3

Mean Brightness Curve of
Variable Star 1 According
to Observations After

JD 2,437,872 )

There-

The rise in the

Since the increase
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Mean Brightness Curve of
Variable Star 4

Mean Brightness Curve of
Variable Star 5

TABLE 5
"Phase m iPhase m H Phase m EPhase I »”
0.004 14.36 0.162 15.08 0.464 15.77 0.758 15.85
.056 .63 .251 .41 547 .82 .834 .86
.101 .81 .348 .70 .640 .81 .902 .75
.950 14.58

The mean brightness curve is shown in Figure 6, and the corresponding data
are presented in Table 6. The brightness increase before the minimum is

absolutely real.

Variable star 5. The values of the brightness curve elements

Max JD hel =2 437 872.020402.619 674 E (8)
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TABLE 6

Phase m ﬂPhase m ﬂ Phase m EPhase i m
0.006 14.49 0.169 15.14 0.449 15.52 0.758  15.49
.646 .61 .252 .26 .556 .65 .831 .66
.095 .76 .350 .38 .642 .57 904 1494
.952 .52

closely coincide with observations. There is a perceptible scatter of points
on the ascending branch. It is possible that the star is influenced by the
Blazhko effect, which is expressed in the change of the brightness curve form
for a constant amplitude (Table 7, Figure 7).

TABLE 7

Phase m ﬂPhase m ﬂ Phase ' m ﬁ Phase f
0.003 1455 | 0.190 1523 || 0.599 1579 | 0.8% 15.37
"040 63 || .o87 46 || 647 85 | 942 14.89
095 88 || 347 52 I C750 75
J146 o7 || Cas1 6 .| 8% 64

Variable star 8. Seven observed maxima yield the following formula for
the elements

Max JD hel=2 437 872.039+04.673 194 E. (9

There is a noticeable scatter of points close to the maximum. Future

observations will have to determine whether this is due to the Blazhko effect.

The mean brightness curve, compiled according to our observations, is shown /130
in Figure 8, and the corresponding data are given in Table 8.

mp———-— o~ - —— -
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Figure 8

Mean Brightness Curve of Variable Star 8

TABLE 8
Phase m ilPhase m “ Phase m Phase l m
0.0)3 14.85 | 0.157 15.37 | 0.452 15.67 | 0.743 .15.72
050 86 | 251 8 | 552 68 | .82 6l
098 15.0¢ | 360 59 | 640 69 Il o8 12
i

| 951 14.84
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Table 9 summarizes the observations of variable stars, whose magnitudes
are given in the local system.

TABLE 9
JD hel ' 1 I 2 ' 3 I 4 ' 5 8
mn m m
2437 373.561 — —_ 14.28 —_ 14.90: 15.20:
- A ]
.589 14.89 —_ .22 —_ 15.11: .39:
»n
79.476 15.48 — 15.42 14.34 14-88 14.61
n
.517 .52. 15.49 .56 .60 15.25 .85
535 .63 .47 .50 — .30 .92
.553 .63 .47 .67 14.88 .42 15.25
81.512 .66 .60: .74 —_ .52: 14.67
.541 .68 .52 .68 15.49 .68 .79
.563 —_ — .64: — — -90:
3.561 15.49 15.02: J72: — 15.57 .85:
400.514 AT .16 13 15.47 14.40 15.44
-.530 .46: — .08: _ .34: .46:
m m m ~ ”
2437 404.343 14.59: 14.90 15.01: 15.42 15.48 14.67
5.359 15.47 15.€0 .82 - 14.28 15.34
.405 — /52 14.78: —_— 34 .02:
.424 15.52 —_ .65;: —_ .37: .35:
.439 .52 14.90 -24 14.79 54 .35:
.455 .64 .79 .22 — .90: .39
.469 .55 32 .26 15.12 .50 .34
.484 .46 34 .55 .09 .67 .49
.499 .58 19 .55 .33 .90 .49
.514 .49 34 .75 .09 .90 - .49
7.355 .16 15.31 .28 C— .€0 .43
373 .26 1 .27 15.46 15.30 .39
.404 .25 14.63 .67 .44 .16 .39
- .421 .30 .34 .62 .44 .30 .44
.435 .26 .28 .58 .47 .34 .49
.452 .30 22 .82 .45 .24 .49
.491 .33 .34 .84 .48 24 .46
521 .46 .95 92 47 .30 .47
.535 — — 15.06 - — — .48
411.462 14.81 15.16 .€0 14.39 .64 .48
470 .79 14.96 .67 .39 .59 .45
.478 .67 15.11 .71 .34 .63 .45
.487 .67: .39: .83 — .31 .33
.496 .90 .25 .67 14.28 .43 .48
.506 .90 .46 .56 .22 .39: .46
.515 .90 .39 .74 .28 14.85 .34
.525 15.13 .34 .67 34 .79 .39
.533 14.67: .44 .67 .36 ..54 .46
.541 .79: .31 .74 39 .37 .36
2.497 1530 .39 14.50 15.49 15.20: )
.511 .45 14.90 .38 - .39: 14.84
.519 .20 .78 .70 —_ .34 15.02:
.528 .30 .39 .60 - .39: .16:
.536 .30 .60 .81 15.16 .30 14.88
.546 .39 .34 .81 .16 .46 15.02
548.479 14.36 —_ .96 — .52 14.67
51.419 .61 — 5.46 — .€8: 15.44
3.386 .32 15.52 14.76- - .55 44
.399 .28 52 .50 15.57 .60 .46
.409 .36 44 .28 —_ .44 44

™~
)
w
=

|
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Continuation of TABLE 9

JD hel 1 .2 3
m m m

418  _58: .56 .43
43 .58 .55 .36
4.503 15.64. 3 15.64
512 - .63 .02 64
5.481 14.38 .46 -39
764.308 - 15.64 % 14.81
. 62 .53 .92
2473764.451 15.48 15.66 1494
468 .66 .63 15.16
481 64 73 18
500 .66 64 24
516 .64 62 22
5.461 .62 14.64 .68
473 .58: -65: .62:
485 14.98 71 62"
93.473 15.70:  15.72: 72:
482 .73 B 91
46 .70 68 64
§71.315 .62 74 74
362 .66 74 64
-37 .70 .70 .50
336 .12 66 14.63
407 .63 .70 48
415 .03 -3 .03
424 62 76 2
434 .69 64 -2
43 .66 .58 25
452 .53 16 31
2.356 14.63 14.72 15.60
365 .42 62 70
3713 40 .61 70
385 .56 78 64
402 .58 -89 .70
411 46 85 67
425 .58 93 63
437 .49 85 .68
445 .66 97 58
458  .68: 15.20 62
467 .59 14.98 42
476 .64 K] 70
3.347 15.55 15.69 14.28
359 .40 -64: Y
371 54 .58. .56
383 .56 -74: .40
235 .62 65" 52
407 .36 76 78
) 52 .65 .94
010.352 14.63 14.68 -
31 .62 88 14.73°
375 .64 84 .88
32 .60 84 .97
~403 .61 9 o4
2.280 15.63 92 ..90
.02 .69 .75 90 .
2437012.314 15.68: 14.76:  15.02:
330 .72 97 14.98
342 .68 70 - .92
356 .58 .82 15.17
371 14.98 i5.24 32
383 . n .20

/132

/133



Continuation of TABLE 9

JD hel ' 1 I 2 3 .4 5 8
m ' m m m il i}
.397 92 .0l .50 34 15.04 .70
4.329 15.52 14.96 .51 24 .40 .
342 .60 15.22 .59 .55 . .68
.354 .64 .16 .62 .62 .56 .64
.370 .70 .15 .57 .63 57 .59
.381 73 . .56 -.61 44 .62
.393 . .55 .62 .58 .56 .68
.409 .73 24 54 .59: .86 54
43.284 .31 14.99 .67 .51 14.49 .59
296 14.81 15.17 .62 .30 .52 68
.307 6 .29 74 .64 .48 -48
.319 .60 .16: .63 58 .52
.332 L4 .64 .68 36: .56 .64
.343 . .38: .70 .35: .68: 64
8089.505 .70 30 14.88 14.48 .51 .62
.517 .58 .45 .83: .40: .44: .62:
. 08 .92 . .
545 €0 .64 .94 64 .49 .54
556 .43 69 .91 .66 .50 .70
568 .73 72 15.24 .76 .52 57
582 60 70 .26 15.72 .79 .24
593 .61 .83 .20 14.88 85
604 .60 77 .29 15.18 86 52
618 15.00 .86 .43 . 79 42
620 14.87 .66 £ .10 16
109.538 15.66 -— .51z — 15.13 —_—
13.431 14.60: 15.67: .€8: 14.63: 65: 15.30:
4€0 H4: .56: .64: —_ H A7:
.471 .85: — —_ — T77: ©.39:
.503 .76: 15.56: 15.68: 14.87: 772 .39:
514 .96: - .84: -_— —_- .76:
526 . 15.56: .84: 14.83: 15.77: - .68:
61.338 15.11 1 ..80: .80: .76: .78:
. .27 72 72: 91 .29: .49:
.369 .38: 14.75: .84: 15.08 .16: .56:
6.389 .43 15.74 .86 14.56 14.90
.410 .67 .66 74 24 .64 .36
6.433 .58 .72 .68 .26 .83 .33
455 .70 62 .61 22: .88 .34
.478 .70 .76 .72 /4 15.02 .66
71.429 72 74: .72: _ .08: 22: 15.26:
2438176.331 15-70 15.60 15.46 14.53 14.72: 15.58 /134
.346 .60 22 .60 62 .74 .52
7.342 14.66 .66 .80 15.29 15.54 22
.359 .48: .62: .32: .69: .36:
.374 .68 .70 14.86 30 .64 .24
.386 3 .46 — 18 .61: .33:
260.312 .36 .69 14.76 30 .64 .56
.330 .40 .73 .66 64 .66 .52
353 .64. .70 . 64 .74: .63
.378 .57: —_ 15.21: — 77 .20:
.403 15.11: 15.30: .14: 14.91: .55: .55:
426 14.98 .41 .22 15.30 .64 .63
2.309 15.68: 71 14.94: 27 .94 .51
.324 .61 .67 15.18 .44z .45 .41
.340 .48 71 .54 . .49: .89 .60
360 14.94 .76 .51 .78: .47 .62
.376 .70 .72 .58 14.67: .14 .65
.391 .36 71 .52 .95 14.56 .59
.408 36 .70 64 .58 &0 .68
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Coﬁclusion of TABLE 9

o [0 |2 |5 [+ | e |
m m ) m il i T
423 37 .67 .65 32 .47 56 -
.441 .36 46 .64 .30 .52 .59
- 87.311 15.11: .27 .38: — 5.08: .39:
.354 .00: .84: .58: 15.25: .19: .65:
.372 .26: .31: .64: — .62: .56
.391 A1: .48 .66: 15.38: .52: 62
414 -— —_ —_ — —_ 15.47:
8.241 15.52 15.52 14.82: 14.66 15.68 14.85
9.284 .02 .66 15.66 15.60 .54 15.56
.300 02 .70 .75 .38: .54 .58
.317 .03 .66 .68 .60 .62 .28
348 .28 .70 .74 .38 .70 .56
364 .41 .66 .84 .57 .59 .58
.383 .36 .46 . .25 .83: .49:
90.254 .62 14.68 14.64 20 .25: .20
259 .60 .93 .62 20 14.82 14.75
.285 .63 .88 .59 2 .54 .83
.299 .66 .82 .81 .22 .44 .89
.315 .67 15.01 .95 28 .46 .68
331 .69 .02 15.10 .23 .50 .94
346 .67 .06 14.94 18 55 .84
.362 .68 .02 15.20 27 .65 .95
.381 .72 .04 .12 55 .86 .92
1.247 14.37 .70 64 62 15.52 15.59
.266 .48 -64 .66 57 .66 .56
:281 .40 .71 . 55 .89 .26
.300 .71 .62 . .68 .63 .64 .54
315 .76 .46 .62 24 .73 .26
2438201.330 14.96 15.84 15.82 14.90 15.60 15.33
' .352 .92 72 .60 .34 77 .60
.367 15.01 .68 .58 .37 .53 .48
.382 .06 .64 -7 .42 .54 .63
3.2¢2 €6 .€2 .50 32 .58 T .28
.275 .29 .66 68 .36 .58 .48
.:92  14.67 .84 88 .65 .57 .51
2311 .66 -.58 72 .50 77 .60
.344 .64 .24 82 .74 .86 .69
361 .66 .00 72 15.20 .Z .70
.380 .62 14.68 .16 01: 14.82 .57
4.2t4 15.28 15.04 .45 .38 15.54 .57
.269 .28 A7 44 .55 .52 .54
.287 .38 .04 .52 .30 .58 2
.302 .04 .65 .70 .62 .59 .54
.318 (€2 .52 .62 .80: .62 14.66
.369 .63 .78 .59 .30: 77 .78
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CATALOG OF PHOTOVISUAL MAGNITUDES OF STARS IN THE REGION WITH
CENTER o = 19h, 6 = +11°

V. I. Voroshilov

This paper contains a catalog of photovisual mag—-
nitudes of 3440 stars, determined with a mean error of
+0m,04, The International System is used in the catalog.

The present catalog represents a supplement to the catalog of 22,000 stars/136
(Ref. 2). This latter catalog was compiled primarily for three colors, and
only for area No. 2, containing 3440 stars are photovisual magnitudes lack-
ing. The observational material was obtained on an astrograph having two
chambers (Ref. 1) on Agfa Press plates with an exposure of 30 minutes. Photo-
graphy was performed with a ZhS-12 filter. The magnitudes determined accord-
ing to these photographs are international magnitudes.

Yellow, photoelectric magnitudes of stars in cluster NGC 6709 were used
as the standard (Ref. 3). This cluster is located at the boundary of the
region being analyzed; therefore, the region and the standard were obtained on
the same photograph. Atmospheric corrections did not exceed 0M.03, which
falls within the limits of the mean quadratic error of the catalog:

m ., m. m , sm
9.0-9.5 0.04 11.0-11.5 0.03
9.5-10.0 0.03 "11.5~12.0 0.04
10.0—10.5 0.03 12.0—12.5 0.05
10.5-11.0 0.03

The mean quadratic error of the catalog comprises +0M.04. The magnitudes
were determined primarily from four photographs.

B ~ B /137
Ne \ Mpy ” Ne , Mpy Ne l Mpy " Ne mpy
7008 11.29 7056 11.79 7104 9,76 7152 11.87
7 11.08 7057 12.15 7105 12,12 7153 10.09
7010 1224 7058 11.81 7106 11.93 7154 12.18
7011 12.10 7059 12.20 7107 11.49 7155 12.43
7012 12.44 7060 12.30 7108 11.88 7156 12.01
7013 1228 7061 12.19 7109 10.69 7157 932
7014 11.33 7062 11.16 7110 11.88 7158 1147
7015 12.35 7063 11.87 7111 10.41 7159 11.84
7016 12.38 7064 12.39 7112 11.40 7160 1222
7017 12.16 7065 11.32 7113 12.06 7161 '12.61
7018 1215 7066 1241 7114 942 7162 1124
7019 12.40 7067 1063 - 7115 10.11 7163 1202
7020 10.96 7068 11.94 7116 11.54 7164 10.62
7021 11.95 7069 11.63 7117 11.90 7165 11.68
7022 11.49 7070 12.24 7118 11.88 7166 12.38°

113



114

l mpy " Ne

11.86 7071
11.69 7072
10.92 7073
12.08 7074
1095 7075
10.71 7076
1192 7077
12.12 7078
12.32 7079
12.16 7080
11.88 7081
10.33 7082
11.64 7083
11.92 7084
11.88 7085
10.61 7086
11.40 7087
894 7088
12.20 7089
1122 7090
1199 7091
12.14 7092
12.14 7093
11.00 7094
11.93 7095
11.97 7096
11.58 7097
1224 7098
11.01 7099
1055 7100
12.00 7101
9.14 7102
1182 7103
1223 7249
12.36 7250
12.23 7951
12.35 7952
9.74 7953
11.73 725

12.40 7255
12.49 7256
11.88 7957
10.13 792

11.57 79259
1167 1 7260
10.94 7261
11.99 7262
12.20 7263
12.12 7964
1063 7265
12.29 7266
11.00 7967
11.99 7268
12.29 7269
12.14 7270
12.06 7271
1229 7972
1221 7273
12.09 7974
12.42 7275
10.77 7276
1091 || 7m

11.97
12.32
12.31
11.47
11.38
11.65
11.99
12.32
12.10
10.05
11.90
11.47
11.44
12.03
11.83
11.13
12.19

12.10

H.79

8.81
12.12
11.73
1220
12.08
12.12
1191
12.30
1224
12.46
11.92
12.01
10.63
1226
1228
11.07
12.39
11.40
12.12
12.06
1226
12.32
11.5]
11.03
11.67
10.40
10.19
12.44
11.67

Ne

7167
7168
7169
7170
nmn
7173
7174
7175
7176

7178
7179
7180
7181
7182
7183
7184
7185
7186
7187
7188
7189
7190
7191
7192
7193
7194
7195
7196
7197
7198

7199
7200

7345
7346
7347
7348
7349
¢ 7350
i 7351
v 7352
7353
7354
P 7335
7356
7357
7358

nmT

‘ Mpgy
112
1159

10.57 .

11.30
12.21
10.81
1240
10.62
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Mpy

12.14
11.41
11.67
11.15
11.32
11.55
11.556
11.87
11.04
12.02
12.59
12.21
1220
12.20
11.74
1117
1227
11.356
11.99

11.59
12.50
10.50
12.08
11.85
10.06
11.38
12.18
1221
12.06
10.82
11.60
12.13

- 11.80

11.73
12.04
11.18
11.06
10.03
12.01
11.08
12.31
12.11
12.36
10.70
11.75
11.05
12.33
11.97
11.74
12.30
11.94

11.96

11.17
11.81
11.54
12.40
1191
11.20
11.93
12.30

10.74

7470
7471
7472
7473
7474
7475
7475
7477
7478
7479
7480
7481
7482
7483

Moo

12.40
11.85
11.49
12.37
12.45
11.31
10.50
11:47
12.13
12.28
10.67
1121
1128
1224
12.02
12.31
11.22
11.84
11.85

9.70
12.03
‘9.71
12.26
10.58
11.84
12.17
10.81
12.17
12.19
12.27
1220
10.76
11.59
10.26
11.81
1222
12.09
11.30
11.31
i1.17
11.29
10.11
12.52
10.38
11.62
11.34
11.31
11.49
12.04
11.51
12.08
11.24

112.22

11.14

9.98
10.41
10.94
12.20
11.54
12.06
11.74

=TT

mpy ‘ Ne : m py
12.08 7374 1224
12.40 7375 1228
11.37 72:6 961
12.45 7377 11.66
12.32 7378 9.56
12.05 279 12.14
12.16 7& 11.99
10.12 7381 11.39
12.00 7 11.24
11.30 7383 12.05
11.93 7384 8.91
10.61 7385 10.55
1129 7385 10.30
11.95 7387 12.14
12.39 7388 11.91
12.43 7389 11.05
11.66 7390 1224
12.07 7391 11.57
873 7392 12.00
10.11 7537 10.02
10.58 7538 11.87
10.79 7539 11.41
12.03 7540 1222
11.64 7541 1237
1028 7542 1241
10.45 7543 9.72
1194 7544 12.10
1222 7545 1145
11.02 7546 11.68
12.38 7547 11.45
12.06 7548 1225
10.93 7549 12.02
11.40 7550 11.84
11.37 7551 11.30
11.90 7552 11.44
1227 7553 12.13
10.79 7554 12.07
12.10 7555 12.10
11.64 7556 12.17
10.85 7557 11.96
12.07 7558 1220
12.28 7559 11.75
12.20 7560 11.90
11.30 7561 9.84
11.90 7562 11.90
1023 7563 11.07
11.08 7564 12.16
12.36 7565 12.32
12.02 7566 11.88
11.19 7567 10.58
1253 7568 11.76
11.30 7569 12.01
11.62 7570 12.36
1220 7571 12.02
1121 7572 1224
12.14 7573 11.89
1197 7574 11.04
11.96 7575 12.09
12.40 7576 1178
1125 7577 11.56
11.70 7578 11.31
12.08 75 12.14
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Mpy “ Ne l mpy
10.42 7484 1147
12.27 7485 1107
10.44 7486  12.09
11.88 7487 1148
11.94 7488  11.09
11.44 r 7633 1227
10.94 ‘7634 1171
11.42 7635 1093
12.02 7636 1224
11.02 7637  11.56
12.31 7638 1207
11.43 7639  11.57
11.08 7640  11.88
12.07 7641 954
12.12 7642 1206
12.25 7643 1218
12.03 7644 1132
11.36 7645 1220

9.69 7646  12.18
11.99 7647  11.07
12.14 7648 1231
11.67 7649 1075
12.20 7650  12.42
10.70 7651 1197
12.16 7652 1193
11.67 7653 12,00
11.76 7654 1297
12.10 7655 1217
12.09 7656  11.53
11.83 7657 1167
11.70 7658 1241
11.91 7659  12.44
12.42 7660 1228
12.11 7661 1115
11.61 7662 1140
11.99 7663  10.26
11.72 7664 1295
12.39 7665  11.61
12.97 7666 9.76
12.39 7667  12.05
12.01 7658 1195
12.15 7669 965
11.14 7670 1225

9.79 7671 1193
11.67 7672 1206
11.87 7673 1250
12.35 7674  12.11
12.12 7675  12.02
12.29 7676 1166
11.82 7677 1188
12.27 7678  12.16
10.88 7679  12.38
12.32 7680  12.12
10.55 7825 1166
1124 7826 984
12.16 7827 1226
1224 7828  10.07
11.96 7829 1013

9928 7830 1206
11.27 7831 1232
12.22 7832 1230

11.73

10.49

- 11.10
11.52
12.17
11.49
1120
12.47
11.48
12.16
11.67
12.45
1223
11.97
11.33
11.67
12.11
12.36
11.48
1222
11.04
11.36
11.46
11.83
11.72
12.26
11.17
10.82
12.02
12.46
11.90
12.33
11.82
12.42
12.29
12.52
12.18
10.62
12.14
11.94
12.19
11.81
12.26
11.48
10.19
920
11.94
12.36
12.12
12.24

10.02
11.41
12.18
12.40

9.19
12.26

9.18
10.35

11.90
11.19

12.36-

11.74
11.99

12.03
1211

12.14
11.63
1217
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7986
7987
7988
7989
7930
7931

11.71
12.15
12.12
11.85
11.95
10.40
11.93
9.45
11.17
11.90
11.65
11.07
12.13
11.45
10.06
11.20
11.80
12.14
11.79
12.20
12.32
12.30
10.72
12.09
1025
11.47
894
11.44
11.82
12.12
1229
10.47
1229
11.04
11.66
1028
11.32
12.17

1220

12.10
11.11
12.26
11.66
12.16
12.2]
12.07
10.52
12.12
12.09
12.15

9.10
12.06
10.32
11.43
12.14
12.14
12.36
12.42
1120
11.59
12.31

mpy ﬂ N2

12.03
12.17
11.80
11.97
11.53
11.41
11.60
12.19
11.74
1224
11.29
10.63
11.62
12.05
10.64
11.44
10.92
1129
11.90
12.38
11.34
12.41

12.05
12.34
12.42
11.17
11.94

1227
12.29
12.C0
12.57
12.50
11.19
11.83
1113
11.39
11.54

10.07

11.36

11.90

11.77
11.62
11.83
10.88
11.47
11.01
11.31

11.94
12.14
1171
1241
11.74
11.08
11.97
11.82
12.08
1228
11.52
12.08
12.06
12.14

7 08

7910
7911
7912
7913
7914
7915
7916
717
7918
7919

8066
8067
8C68
8069
8070
8071
8072
8073
8074
8075
8076
8077
8078
€079
8080
8081
8082
8C83
8084
8085

8087

12.18
12.30

11.20
1115
12.33
11.90
10.00
11.90
11.44
11.91
12.35
12.19
12.05
11.82

12.34
11.70
12.29
11.74
11.65
12.51
12.1¢
11.08
12.26
11.80
12.C0
12.19
11.48
11.97
1033

12 03
10.74
12.43
12.09
1179
11.98

l Ne l Moy
7929 1224
7930 12,06
7931 11.52
7932 11.08
7933 11.80
7934 12.08
7935 12.19
7936 11.68
7937 12.21
7938 12.18
7939 10.88

11.87
7941 11.51
7942 9.51
7943 11.28
7944 11.98
7945 1225
7946 12.18
7947 12.30
7948 12.32
7943 10.84
7950 12.34
7951 11.82
7952 12.32
7953 11.80
7954 11.30
7955 1131
7956 12.09
7957 10.10
7958 12.34
7959 12.05
7960 12.10
7961 12.06
7963 12.30
7964 12.62
7965 11.55
7966 12.02
7967 12.06
7968 11.87
7969 1235
8114 11.15
8115 8.46
8116 12.16
8117 11.56
8118 12.30
8119 11.15
8120 12.34
8121 11.06
8122 11.56
8123 12.37
8124 12.22
8125 12.32
8126 12.30
8127 991
8128 12.14
8129 12.06
8130 11.49
8131 1147
8132 11.81
8133 11.97
8134 11.47
8135 1099

/142
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Ne mpy “ Ne my Ne mpy “ Ne ‘ mpy
7992 10.79 E040 1156 8088 11.90 8136 9.56
7993 12.12 8041 11.82 8089 12.02 8137 .1223
7994 11.90 8042 1199 8090 12.37 - 8128 12.32
7995 11.67 8043 11.93 8091 12.09 8133 11.91
7976 11.77 8044 11.30 8092 12.16 8140 1023
7997 11.75 8045 11.24 8093 11.04 8141 12.06
7998 12.33 8046 12.14 8094 1225 8142 1193
7999 11.32 8047 11.60 80> 11.76 8143 12.18
80C0 10.56 8048 12.16 8096 12.12 8144 11.36
8001 12.33 8049 1224 8097 11.03 8145 11.59
8002 11.06 8050 11.79 8098 11.02 - 8146 11.04
8003 12.04 8051 12.18 8099 12.14 8147 1226
8004 12.03 805 12.33 8100 12.32 8148 11.44
8005 11.89 8053 1147 8101 10.99 8149 1224
806 11.37 8054 12.44 8102 11.45 8150 9.88
8C07 12.31 8055 10.81 8103 1227 8151 1225
8008 12.03 8056 11.77 8104 1224 8152 11.59
8n09 12.40 8057 10.30 8105 12.10 8153 10.07
8010 11.52 8058 10.47 8106 11.96 8154 12.32
8011 11.87 8059 1197 8107 11.67 8155 11.00
8012 11.75 £060 1224 8108 12.09 8156 12.32°
8013 9.50 8061 12.22 8103 931 8157 1124
8014 12.34 8062 12.15 8110 12.24 8158 11.98
8015 10.49 8063 12.05 8111 11.63 8159 11.81
8016 12.26 8064 11.90 8112 12.30 8160 11.94
8017 12.38 8065 12.14 8113 10.68 8161 1237
8162 11.11 8210 1028 8259 11.50 8307 9.06
8163 11.64 8211 11.51 8260 11.31 8308 11.04 [143
8164 10.74 8212, 1222 8261 12.14 8309 10.35
8165 S.00 8213 10.99 8262 11.25 8310 11.92
8166 11.90 8214 11.84 8263 10.47 8311 1229
8167 12.01 8215 11.82 8264 11.90 8312 12.05
8168 12.31 8217 10.06 8265 12.01 8313 1168
8169 12.00 8218 1217 8266 11.02 8314 12.06
8170 12.06 8219 10.49 8267 11.35 8315 11.52
8171 8.83 8220 9.69 8268 10.20 8316 1134
8172 11.21 8221 11.18 8269 11.81 8317 12.14
8173 11.82 8222 11.85 8270 11.15 8318 10.49
8174 11.11 8223 11.90 8271 12.16 8319 1120
8175 11.55 8224 11.46 8272 11.92 8320 99
8176 11.93 8225 1220 8273 12.17 8321 12.16
8177 11.94 8226 1142 8274 10.90 8322 11.12
8178 9.52 8227 12.02 8275 11.96 8323 11.09
8179 12.19 8228 12.24 8276 1227 8324 1181
8180 12.11 8229 1225 8277 11.64 8325 11.14
8181 11.81 8230 11.89 8278 11.77 8326 9.85
8182 11.43 8231 1194 8279 11.85 8327 11.02
8183 12.28 8232 12.36 8280 11.77 8328 11.69
8184 11.67 233 11.82 8281 11.79 8329 1227
8185 9.53 8234 12.17 8232 11.72 8330 11.61
8186 11.41 8235 11.87 8283 11.67 8331 1220
8187 10.63 8236 11.63 8284 1223 8332 11.99
8188 11.56 8237 11.74 8285 9.98 8333 1223
8183 11.63 8238 12.17 8236 11.65 8334 11.94
8190 11.93 8239 11.59 8287 11.58 8335 12.24
8191 12.11 8240 12.01 8288 8.86 . 8336 9.00
8192 12.18 8241 11.58 8289 11.91 8337 9.88
8193 1228 242 12.25 ‘8290 12.17 8338 1209
8194 11.76 8243 11.79 8291 10.31 8339 10.13
8195 11.08 8244 11.97 8292 1209 8340 1225
8196 12.36 8245 12.19 8293 1222 8341 12.00
£197 12.12 8246 12.31 8294 11.30 8342 1225
8198 10.97 8247 11.04 8295 10.71 8343- 1186
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ﬂlpv Ne ’ Mpy , ” Ne l ,"[JU
10.20 8206 1151 8344  1L10
1L70 8297 1220 8345 1149
1193 8298 1181 | 846 1168
12.34 829 118 . 8347 1066
1222 8300 1173 8348 1219
12.30 8301 1172 8319 1172
11.93 8302 1200 | 8&35¢ 1055
1035 8303 1124 8351 11.62
12.14 8304 1154 8352 1216
11.87 8305  11.80 8353 957
12.11 8306 1238 8354 1148
1229 8451 1151 81499 1237 /144
10.65 8452 . 1156 8500 1214 -
12.27 8453 1219 8501  12.22
12.35 8454 1159 8502 1036
12.14 8455 1230 8503  11.86
12.28 8456  12.16 8504 1135
12.04 8457 1196 8505 9.19
11.99 8458 1199 8506  11.95
10.57 8459 1235 8507  12.18
9.07 8460 1230 8508 1233
12.14 8461 1233 8509  12.30
1226 8462 1213 8510 123
12.10 8463 1218 [ 8511 1206
11.97 8464 1245 8512 1152
11.93 8465 1147 8513 1197
10.10 8465 1213 8514 1223
12.23 8467 1208 8515  12.03
10.99 8468 1229 8516 1229
12.06 8469  11.76 8517  12.19
11.50 8470 1136 8518 12.14
11.51 8471  11.00 8519 1225
11.49 8172 1233 8520 1129
11.50 8473 1241 8521 9.89
1222 8474 1104 8522 1227
1212 8475 1205 8523 1197
12.41 8476 1220 8524 1197
12.02 8477 1022 8525 1155
11.97 8478 971 8526 1124
11.66 8473 1216 8527 1185
12.46 8480 1236 8528 1184
11.86 8481  11.70 8529 1194
12.05 8482 1152 8530 9.50
11.99 8483 9.93 8531 9.87
12.16 8484 1219 8532 1227
12.10 8485  11.87 8533 1174
1.2 8486 1201 8534 926
12.25 8487 9.03 8535  12.26
12.06 8488  11.93 8536  12.09
11.74 8489  11.62 8537 1219
1224 8490 1234 8538  12.10
11.62 8491  11.33 8539 1241
12.33 8492 9.83 8540 1234
10.81 8493  11.78 8541 10,51
11.68 844 1210 8542  12.00
12.2) 8495 1177 8513 1173
11.59 849  11.85 8544 1232
1162 8197  11.61 8545  12.10
1224 8498 1097 8546 1246
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120

11.87
11.66
1026
11.64
11.90
12.03
12.15
11.39
12.19
1124
10.73
11.50
10.78
11.45
1217
1224
11.49
11.79
11.41
11.89
1227
12.16
10.74
12.39
11.28

8.93
11.83
11.37
1227
11.91
11.91
11.95
11.52
11.73
11.60
12.05
10.76
1107
12.04
10.90
12.31
12.14
10.88
12.30
1220
12.26
10.70
12.13

12.09
11.92
12.15
11.38
12.47
11.41
12.36
12.02
12.11
1227
12.34
12.07
11.88

Ne ' My
8595 9.13
8596 11.71
8597 11.87.
8598 11.75
8599 11.00
8600 12.12
8601 12.08
8602 12.19
8603 12.33
8604 11.88
8605 11.80
8600 11.36
8607 11.40
8608 11.55
8609 11.71 .
8610 1220
8611 945
8612 9.97
8613 11.97
8614 11.54
8615 10.20
8616 10.73
8617 12.19
8618 12.05
8619 11.89
8620 12.30
8621 12.17
8622 10.53
8623 9.20
8624 12.30
8625 12.34
8626 10.56
8627 11.99
8628 9.59
8629 10.68
8630 10.92
8631 12.09
8632 10.97
8633 9.74
8634 11.66
8635 11.35
8636 1124
8637 12.16
8638 10.40
8639 12.12
8640 11.93
8641 11.09
8642 11.18
8788 12.14
8789 11.82
8790 11.11
8791 10.50
8792 10.94
8793 12.36
8794 11.85
8795 995
8796 11.43
8797 1143
8798 12.15
8799 12.15
8800 12.37

8847

12.34

1139 |

12.05
1137
10.65
1225
1224
1221
1049
11.88
11.65

11.85
11.08
12.34

12.10
12.30
11.28
10.96
11.30
12.30
11.14
11.05
11.70
11.14
12.10
11.64
11.98
10.87
1128
11.47
12.27
10.76
12.30
1227
1027
12.24
11.94
12.15
1122
11.31
12.06
10.97
10.73

11.99
1128

12.11

12.09
12.15
1249
1227
10.45
12.15

10.87
11.93
12.19
12.25

11.81

10.68
11.59
1227
1223
10.92
12.13

- 10.86
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Ne

8787

8934

11.94
10.03
11.78
12.13
12.06
12.28
11.87

11.27

11.50
12.32
11.32
11.94
12.36
12.46
11.58
12.20
11.54
12.33
12.00
12.52
1224
1243
12.19
11.90
11.12
12.37
12.29
12.38
12.30
12.49

924
10.20
12.14
11.13
12.12

11.62
11.89

9.71
12.40
11.90
12.12
12.31
10.18
12.18
12.41
10.96
10.43
11.45
11.71

12.05
1018

10.a8

12.18
12.17
11.37
12.19
1128
11.77
12.11

9.1
11.94
10.95
11.54

Ne l Mmpy
8801 - 11.93
8802 894
8803 11.73
8804 11.64
8805 11.42
8806 11.74
8807 1228
8808 11.99
8809 12.21
8810 12.40
8811 9.57
8812 12.25
8813 11.24
88l4 1125
8815 1222
8816 11.52
8817 1229
8818 11.96
8819 12.32
8820 11.79
8821 12.12
8822 12.29
8823 12.00
8824 10.37
8825 11.00
8826 11.89
8827 1227
8828 12.15
8829 12.27
8830 12.05
8831 12.53
8832 12.27
8833 11.51
8834 11.67
8835 11.87
8982 11.38
8983 11.52
8984 12.17
8985 12.10
8986 11.32
8987 1227
8588 122]
8989 12.13
8990 12.2}
8991 12.35
8992 12.22
8993 11.76
8994 11.67
8995 11.56
8996 12.35
8907 11.61
8998 12.21
8999 11.04
9000 11.31
9001 12.38
9002 12.15
9003 1225
9004 11.49
9005 11.29
9006 12.06
9007 12.31
9008 10.77

1221

12.33

12.21
12.40
11.93
1225
11.72
12.30
11.96
10.44
11.52
11.53
12.08
11.59
1231
10.95
9.01
11.52
12.05
12.23
12.19
10.88
12.09
1141
1041
12.07
12.00
11.71

1220
11.76
11.98
12.33

11.10
12.11

12.33
11.97
12.38
10.88
12.41

11.93
12.16
1050
12.07
12.07
11.95
11.30
11.98
11.37
11.52
11.57
10.65

1147

-10.68

11.77
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122

Ne ' mpy ” Ne
8961 1191 9009
8962 1246 9010
8963 1148 9011
8964 12.11 9012
8965 1242 9013
8966 1163 9014
8967 1234 9015
8968 1213 9016
8969 1242 9017
8970 1013 9018
8971 1197 9019
8972 1195 9020
8973 1236 9021
8974 1113 9022
8975  11.81 9023
8976 1210 9024
8977 1136 9025
8978 1143 9026
8979 1191 9027
8980  11.56 9028
8381 1227 9029
9127 1166 9175
9128 1211 9176
qa29 1035 9177
9130 114 9178
9131 1035 9179
9132 1214 9180
9133 1211 9181
9134 12.19 9182
9135 1229 9183
9136 1297 9184
9137 1159 9185
9138 1197 9186
9139  10.62 9187
9140 1224 9188
9141 1181 9189
9142 1089 9190
9143 9.86 9191
9144 1073 9192
9145 1152 9193
9146 1231 9194
9147 1174 9195
9148  11.05 9196
9i49 1179 9197
9150 1223 9198
9151 1035 9199
9152 1231 9200
9153 1222 9201
9154 1210 9202
9155 1221 9203
9156 1217 9204
9157  12.24 9205
9158  12.02 9206
g9i59 1226 9207
9160 1149 5208
9161 1224 9209
9162 1232 9210
9163 1224 9211
9164 1212 9212
9165 11.80 9213
9166 1130 9214
9167 1252 9215

12.10 -

12.18
11.56
10.53
12.16
11.85
12.55
11.94
11.46
12.38
12.34
10.61

11.59
11.74
12.19
1252
11.80
12.13
11.98
12.19

11.96
12.13
10.15
11.53
10.95
1124
10.79
12.32
11.05
12.14
12.12
12.15
12.33
11.70
12.31
11A3
1253
12.04
iLn
12.14
11.82
12.38
12.12
12.20
12.05
12.16
12.03
12.10
‘1228
12.18
1220
11.55
11,86
11.38
10.36
12.04
11.88
12.46
1124
11.30
1222

Mpy

11.74
10.82
12.41
12.11
1231
10.86
12.08

12.21

1L.79
12.61
1L.79
1L.76

9.10
12.39
10.94

11.86
1221
1128
11.32
11.94

11.30
11.95
10.94
12.10
1025
12.00
12.06
11.82
11.65
11.37
11.72
11.37
11.37
11.81
12.06
12.06
11.32
11.50
11.13
1048

12.02
12.14
11.82
11.72

1035 .

10.74
1222
11.62
11.53

9.98

11.58 -

12.35
10.40
12.03
11.34
12.06
12.44
12.43
12.14
10.47

Ne

. 9106

9107

9109

9110
9111
9112
9113
9114
9115
9116
9117

9119

O
bRE |
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3

S

EEEEEREEEEE
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1203

1222
11.78
1226
11.24
1091
12.14

11.57
11.64
10.59
11.41
11.20
12.53
11.59
10.07
11.68
1225
10.82
12.12
12.08
11.14
12.18
12.26
11.64
11.67
12.06
11.69
12.06
12.05
12.30
12.09
10.03
12.02
11.87
12.16
12.23
12.35
11.99
11.98
12.35
11.47
1L.77
11.90
11.93
11.05
11.84
11.41
12.30

9.74
12.20
12.15
11.05
11.20
11.39
12.08

10.13

8.95
1227
11.78
11.82
11.52

l Ne ‘ mpy
9216 10.38
9217 11.95
9218 11.56
9219 12.14
9220 10.78
9221 11.79
9222 10.61
9368 12.12
9369 9.93
9370 11.96
9371 11.23
9372 12.12-
9373 1125
9374 12.06
9375 1220
9376 11.13
9377 12.36
9378 12.30
9379 1094
9380 11.76
9381 11.05
9382 11.43
9383 1229
9384 12.30
9385 12.34
9386 12.24
9387 1244
9388 11.63
9389 12.40
9390 11.07
9391 12.03
9392 11.69
9393 11.78
9394 12.02
9395 12.32
9396 10.30
9397 11.57
9398 12.14
9399 12.14
9400 11.26
9401 10.38
9402 12.27
9403 11.31
9404 12.48
9405 12.27
9406 12.18
9407 11.93
9408 12.34
9409 10.26
9410 12.02
0411 12.34
9412 11.24 -
9413 12.36
9414 1222
9415 11.93
9560 1226
9561 12.10
9562 11.96
9563 11.36
9564 12.26
9565 10.56

9613

12.46
12.10
1152
12.10
12.08
11.86
11.86
11.14
12.16
11.40
11.99
10.99
12.09
11.68
11.39
12.13
11.67
12.14
12.17
11.87
12.04
119
1222
11.16

9.41
11.57
12.05

891
12.32
12.38
11.37
12.32
12.13
10.84
12.15
1227
12.12
12.48
12.06
1148
10.92
11.00

12.17
1222
12.32
10.96
10.87
11.67

9312 1181
9313 1230
9314 1162
9315 11.38
- 9316 12,08
9317 1229
9318 1208
- 9464 85
oiss 1304
9466 1187
9467 1214
%68 123
9469 1214
%470 1049
%71 1071
9472 974
9473. 1229
9474 1246
9475 1224
9476 1038
9477 1232
9478 1184
9479 1099
9480 1238
%481 1171
9482 1232
9483 1102
484 1204
9485  12.03
9486 1229
9487 972
9488 10591
9489 1220
9490 1061
9491 876
9492  11.85
9493 1199
9494 2@
9495 1204
9496 1162
9497 1232
9498 1297
9499  TLO7
9500 1223
9501 1212
9502 1182
9503 1215
9504 123D
9505 1228
9506 1204
9507 ILT9
9508 9B3
9509 1192
9510 1167
%511 1059
9656  11.39
9657 1159
9658  11.67
9650  12.44
9660 1171
9661  12.38
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124

518 1221
o519 1197
9520 1183
9521 1292
‘9522 932
9523  11.76
9524 1178
9525 1093
g2 1191
B27 1025
9528 1152
29 11.09
9530  12.30
9531  12.37
9532 1225
9533 890
9534  11.88
9535 1140
36 1064
9537 948
9538  11.82
@539 1202
g540  11.74
B4 1195
42 1185
9543 1110
9544 1218
9545 1159
9546 1210
9547 1177
9548 11.02
9549 12110
9550 1232
9551  12.06
9552  12.25
g553 1201
9554  12.19
9555  12.33
9556  12.30
9557  11.97
9558 1169
9559 1234
9704 1152
9705 1250
9706  11.74
9707 1206
9708  11.72
9709 1220
9710  11.82
9711 1231
9712 1230
9713 11.40
9714 1245
9715 1223
9716 1149
9717 1057
9718 1231
9719  10.09
9720 1175
9721 1164
9722 1121
9723 1180

‘ Ne l mpy
9566 11.88
9567 1129
9568 11.49
9569 10.88
9570 11.16
9571 10.29
9572 12.10
9573 12.32
9574 12.14
9575 12.13
9576 12.30
9577 10.14
9578 9.87
9579 11.99
9580 12.38
9581 11.80
9582 11.68
9583 12.45
9584 11.87
9585 12.12
9586 12.03
9587 12.18
9588 11.05
9589 12.25
9590 11.59
9591 9.50
9592 11.49
9593 11.56
9594 1227
9595 11.69
9596 11.28
9597 12.38
9598 11.23
9599 12.19
9600 12.09
9601 12.37
9602 12.12
9603 12.32
9604 10.28
9605 12.18
9606 12.34
9607 11.90
9752 11.26
9753 12.27
9754 11.64
9755 8.72
9756 11.96
9757 12.41
9758 11.47
9759 10.30
9760 1222
9761 11.24
9762 10.84
9763 10.98
9764 12.22
9765 12.20
9766 12.14
9767 12.34
9768 10.58
9769 12.10
9770 12.40
9771 11.25

9614

Mpy

11.50

12,06
1114
11.08
11.24
1093
11.84
10.08
10.75
11.84
11.85
12.00
11.64
1197
12.49
12.00
11.98
11.88
11.91
11.89
11.37
11.67
12.12
12.45
12.40
11.10
12.24

8.79
12.00
1235
10.33
12.34
11.74
11.87
12.13
12.40
12.09
12.28
12.12
12.35
12.08
1245

12.33
11.67
11.31
10.95
12.25
12.37
11.41
11.00
1124
10.24
10.42
12.10
12.17
11.90
10.97
12.12
11.34

1231
12.07

=

Mpy

11.87

10.72
1221

941
11.97
12.12
12.09
1223
12.16
12.07
11.88
1227
12.34

12.34
12.13

11.91
12.36
12.49
12.38
12.34
1097
12.46
11.74
11.44
1237
12.49
12.33
12.37
11.30
1241
11.88
11.40
12.00
12.51
11.32
10.70
12.36

10.95

11.52
12.31
10.68
11.62
12.05
1224
12.32
11.82
11.85
12.10
11.80
11.02
11.81
12.19
12.03
12.06
1226
1191
10.52
11.93

[ =




Ne mpy Ne ’ Mpy Ne I Mpo Ne ‘ mpo
9724 12.46 9772 11.02 9820 10.58 9869 1222
9725 12.25 9773 12.15 9821 11.87. 9870 12.14
9726 .9.93 9774 1119 9822 10.78 9871 12.11
9727 11.74 | 9775 9.14 9823 11.81 9872 9.64
9728 12.11 9776 12.30 9824 12,59 9873 9.18
9729 9.58 9777 11.58 9825 1222 9874 9.05
9730 11.92 9778 11.93 9826 1124 9875 12.30
9731 1232 9779 8.84 9827 12.04 9876 10.60
9732 11.15 9780 1128 9828 12.35 9877 12.17
9733 930 9781 11.55 9829 12.36 9878 9.89
9734 1021 9782 12.32 9830 10.23 9879 11.73
9735 11.9€ 9783 12.14 9831 12.14 9880 11.01
9736 1227 9784 12.30 9832 11.79 9881 12.08
9737 11.99 9785 11.14 9833 1221 |} 9882 9.56
9738 9.58 9786 9.12 9834 11.92 9883 ii.11
9739 12.00 9787 9.08 9835 12.19 9884 1123 -
9740 12.46 9788 11.95 9836 12.12 9885 10.76
9741 12.06 9789 11.55 9837 12.02 9886 11.10
9742 ‘12.36 9790 10.55 9838 1237 9887 12.09
9743 10.46 9791 12.02 9839 12.08 9888 12.14
9744 11.85 9792 12.16 9840 11.40 9889 12.20
9745 12.15 9793 12.19 9841 1129 9890 10.52
9746 12.03 9794 11.47 9842 1225 9891 10.65
9747 1127 - 9795 11.45 9843 1227 9892 1029
9748 12.32 9796 10.00 9844 951 9893 11.40
9749 11.61 9797 11.81 9845 10.46 9834 12.32
9750 12.36 9798 1022 9846 11.16 9895 12.41
9751 12.32 9799 11.89 9847 12.30 9896 950
9897 12.14 9945 11.07 9993 1144 10041 11.42 /152
9898 10.35 9946 1227 9994 11.64 10042 12.13
9897 12.37 9947 1224 9995 11.17 10043 12.19
9900 1222 9948 11.59 9996 12.19 10044 12.03
9901 1220 9949 1124 9997 1227 10045 12.28
9902 12.30 9950 1224 9998 11.52 10046 11.09
9903 10.85 9951 1227 9999 1194 10047  '11.18
9904 12.44 9952 12.08 10000 1021 10048 11.98
9905 11.56 9953 11.71 10001 11.94 10049 12.19
9906 10.79 9954 1020 10002 12.26 10050 10.81
9907 12.08 9955 12.06 10003 11.89 10051 10.80
9908 1124 9956 11.99 10004 11.98 10052 12.25
2909 11.26 9957 11.48 10005 12.08 10053 11.57
910 11.94 9958 12.05 10006 11.86 10054 12.17
9911 11.89 9959 12.14 10007 12.10 10055 11.99
9912 11.54 9960 11.07 10008 12.37 10056 12.36
9913 10.53 9961 12.23 106009 12.25 10057 12.10
9914 10.93 9962 11.04 10010 1227 10058 11.77
9915 11.41 9963 12.32 10011 12.46 10059 12.00
9916 11.59 9964 11.54 10012 12.21 10060 9.83
9917 11:57 9965 12.29 10013 11.88 10061- 12.16
9918 11.89 9966 11.52 10014 12.12 10062 11.10
9919 12:10 9967 11.88 10015 10.10 10063 11.85
9320 11.25 9968 10.34 10016 10.90 10064 11.37
9921 12.02 9969 11.87 10017 11.79 10065 10.99
9922 11.05 9970 11.84 10018 12.17 10066 11.43
9923 10.88 9971 11.35 10019 10.51 10067 12.06
9924 10.96 9972 11.05 10020 11.25 10068 11.70
9925 12.00 9973 12.17 10021 11.73 10069 11.67
9926 12.00 9374 12.29 10022 12.12 10070 12.22
9927 11.64 9975 12.20 10023 971 10071 11.60
9928 1221 9976 12.16 10024 9.53 10072 11.57
9929 12.62- 9977 11.96 10025 11.69 10073 12.19
9930 11.81 9978 11.44 10026 12.33 10074 9.52
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Mpyy

12.29
1220
10.23.
11.20
12.29
10.85
1127
1229
11.98
12.28
11.10
11.30
12.06
1162

12.16
10.34
11.68
1028

1193
12.13
11.04
11.99
10.76
1245
1220
11.88
12.30
12.16
12.03
11.96
12.16
1115
12.03
11.44
1229
11.46
10.14
12.00

9.61
11.90
12.40
12.38
1124
12.07
1026
11.8]
11.89
10.24
1220
1221
11.63
11.43
12.07

9.98
11.74
11.73
11.85
11.43
12.12
11.52
11.59

g

1224
12.24
12.24
11.46
11.64
11.07
12.08
12.22
12.12
11.06
11.55
12.07
12.08
11.56

12.12
11.95
11.84

12.32
10.83
11.87
12.17
1225

11.81

12.37
11.55
10.17

11.62
1120
12.12
12.14
1224
12.16
12.34
12.09
11.62
11.37
12.41
11.87
11.41
12.12
12.10
11.30
12.34
11.62
12.40
11.82
12.19
12.19
12.04
12.26
11.50
11.69
12.12
1226
12.18°
12.52
12.18
12.05
11.74
11.89

10027

10032

12.24

1221
12.44
12.32
11.11

9.15
12.19
12.18
10.38
10.05
12.12
11.51
1226
10.94

12.12
10.85
12.14
1224
1158
12.95
11.01
1155
1171
12.13
10.50
1227
10.94
12.10
11.61
11.35
11.66
12.17
1231
11.56
1214
11.96
11.44

10.73

1025
12.09
1L.77
11.38
10.98
11.88

12.04
10.77
1159
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1.

2.

3.

Gordeladze, Sh.G.

10305
10307

10310
10311
10312
10313
10314
10315
10316
10317
10318
10319
10320
10321
10322

Mgy

11.56

11.56
11.59
11.10
11.93

12.37
10.10
12.15
12.04
1229
12.05
12.03
12.33
11.43
11.92
11.46
12.14
11.74
11.55
11.16

9.97
12.36
10.63
12.15
11.83
11.64
1241
12.13
10.95
11.41
12.34
11.40
11.23
12.03
10.64
11.24
11.09
12.19
11.94

Izvestiya Glavnoy Astronomicheskoy Observatorii (GAO),

AN USSR, 1, 2, 1956.

Voroshilov, V.I., et. al.

) Ne ' Mpy Ne
10323 11.53 10365
10324 11.43 10366
10325 9.70 10367
10326 1222 10368
10327 11.34 10369
10328 1125 10370
10329 12.16 10371
10330 1181 10372
10331 11.52 10373
10332 12.08 10374
10333 11.93 10375
10334 10.71 10376
10335 11.85 10377
10336 1199 10378
10337 1220 10379
10338 10.86 10380
10339 12.14 10381
10340 12.30 10382
10341 11.96 10383
10342 12.27 10384
10343 895 10385
10344 11.45 10386
10345 11.60 10387
10346 10.79 10388
10347 11.56 10389
10348 12.09 10390
10349 12.47 10391
10350 12.17 10392
10351 1223 10393
10352 9.10 10394
10353 9.46 10395
10354 11.41 10396
10355 11.41 10397
10356 12.09 10398
10357 12.33 10399
10358 12.32 10400
10359 12.32 10401
10360 12.36 10402
10361 12.34 10403
10362 1225 10404
10363 11.24 10405
10364 1222 10406
REFERENCES

Mpy ” Ne Mpy
11.98 10407  10.30
12.14 10408 11.28
1244 10409 10.80
11.86 10410 897
1224 10411 12.13
12.26 10412 12.33
11.85 10413 12.03
11.02 10414 12.14
11.78 10415 10.64
12.08 10416 1222
11.15 10417 10.14
11.67 10418 12.28
11.87 10419 12.09
1224 10420 927
12.08 10421 11.69
10.99 10422 11.55
10.51 10423 10.12
11.47 10424 9.54
12.10 10425 12.03
11.71 10426 11.87
11.00 10427 11.88
947 10428 11.12
1222 10429 12.09
1248 10430 11.02
11.47 10431 12.00
12.16 10432 9.74
11.91 10433 9.90
10.49 10434 11.77
12.09 10435 11.92
12.18 10436 10.44
11.53 10437 12.05
11.81 10438 12.10:
10.86 10439 10.96
11.66 10440 11.77
12.08 10441 11.75
12.30 10442 12.06
11.61 10443 1226
12.42 10444 11.04
11.90 10445 12.33
9.74 10446 12.07
12.15 10447 11.73
11.64 10448 10.83

Katalog Fotograficheskikh, fotovizual'nykh i

fotokrasnykh velichin 22,000 zvezd (Catalogue of Photographiec, Photo-
visual and Photored magnitudes of 22,000 Stars).
Kiev, 1962.

Publ.

of the US Naval Obs. Washington, 7, 17, 1961.

Izdatel'stvo AN USSR,

155

—

127



SPATTAL DISTRIBUTION OF STARS IN THE REGION
WITH CENTER (o = 18750, § = +5°)

V. I. Voroshilov

The paper deals with the structure of the Milky Way
in the direction of the Sagittarius spiral arm and with
the relation between the distribution of stars of different
spectral types and the distribution of dust and neutral
hydrogen. All the 0-B2 type stars detected are located in
a region with a very low density of absorbing matter and
neutral hydrogen. The B8-A5 and gF8-K5 type stars tend to
group in the region of dust clouds. For F and G dwarfs,
this tendency is slight.

The study of star distribution in a direction perpen-
dicular to the galactic plane shows that the density maxima
of O, B and A stars and late giants do not coincide with this
plane.

The paper gives a partial picture of the structure of
the Sagittarius spiral arm in Aquila. TIn order to obtain
a more complete picture, observations of stars to 16™ in
the region of the galactic equator and southern latitudes
are necessary.,

The present work is a continuation of (Ref. 1 - 3) and deals with the /156

study of the structure of the Milky Way in the constellation of Aquila. About
1700 stars from the Catalog (Ref. 1) up to 12™.5 with known spectral classes
have been used to study the interstellar absorption in this region. This made
it possible to determine true distance of these stars, and to study their dis-
tribution in space. The region selected encompasses about 30 square degrees.
Table 1 presents data on the distribution of stars according to their spectral
classes, and the distance limits within which stars of a given spectral class
can be calculated to a sufficient degree. Giants of late spectral classes were
divided essentially on the basis of their large color excesses., Such a divi-
sion [see, for instance (Ref. 5)] is considered sufficiently reliable.

Distance moduli of 89 bright stars, for which photographic magnitudes /157

were lacking, have been determined from photovisual magnitudes available —-

after taking absorption into account -- and also from photographic magnitudes
taken from AGK2. The results, obtained by both methods, coincide within the
limits of error. The spectra of some bright stars were also taken from AGK2.

Structural Characteristics of the Region

The apparent distribution of stars over the region being studied is de-
termined by both real variations in star density and the distribution of the
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TABLE 1

L rlimit
Sp
| 11 I v Vv Vi laverage
O—B2 2300 2200 2500 1700 2100 2300 2200 58
B5 1310 1700 1400 1100 1360 1200 1300 45
B8—AO 800 1100 950 690 830 880 850 204
A2—A5 700 80 660 670 730 640 700 163
FO—F5 360 400 400 370 380 420 380 180
dF8-G2 280 300 280 260 250 280 270~ 476
dG> 200 200 200 200 200 200 200 125
gF8—K5 800 1100 970 700 890 800 850 179

absorbing matter. 1In Table 2, we present schematically the apparent distribu~
tion of stars (the number of stars from a given spectral interval per square
degree). It may be seen that the density of early-type stars increases some-
what toward the periphery of the region. This appears to be a consequence of
the distribution of the absorbing clouds and the characteristics of the stellar
distribution of stars as a function of the distance from the galactic plane.

In (Ref. 3) it was ascertained that the densest and closest clouds are
concentrated in the region of the galactic equator within +2°.5 of the galactic
latitude. Here, the absorbing matter begins at a distance of 110-120 parsecs,
and extends to 1000 parsecs, filling almost all the space between the spiral
arms of Sagittarius and Carina-Cygnus. At higher latitudes, the absorbing
matter begins at a distance of 160-170 parsecs, and extends to a distance
greater than 2000 parsecs. Below the galactic plane, for b <-2°.,5, the ab-
sorbing clouds extend to 1000 parsecs, and beyond that point a practically
completely transparent region begins. At a still higher negative galactic
latitude, in a section close to the region under investigation (7 = 12°, h =
= ~7°), McCuskey (Ref, 13, 14) discovered an increase in absorption at a dis-
tance of up to 2500 parsecs from the Sun, This means that the absorbing
matter in the region of the Sagittarius spiral arm is located at a distance of
about 300 parsecs from its axis in the direction of the southern galactic pole.
The lack of absorption in the region of the axis of the Sagittarius spiral arm,
in the direction toward the region being investigated at distances of 1500-3000
parsecs from the Sun, has been confirmed by the investigations of I. I. Pronik
(Ref. 6) and T. A. Uranova (Ref. 8). The selection of the observational mater-
ial (Ref. 4, 12) cannot change this conclusion. All of the statements pertain
to the region being investigated, and do not extend to the entire Sagittarius
arm,

After analyzing data on the structure of the Carina-Cygnus spiral arm, /159

I. I. Pronik (Ref. 7) advanced a hypothesis which stipulated that the arm is
encircled on the inside by a system of dust clouds. 1Its stellar component is
highly developed, and predominates significantly in terms of "thickness" over
the edge, which is composed of dust on its interior side. She came to the
following conclusion (Ref. 6): The interstellar matter forms a connecting
link between the neighboring arms of Sagittarius and Carina-Cygnus, in which
early-type stars are completely absent. The results of research on the
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TABLE 2 158

I w
v =
B 311 e lsld |
| =) n @ 0
ol B |82 |2 |5(%81% | %
F3°— 4 4°
18h40m—44m — — 4 3 8 12 7 5 3
44 —48 i — 3 2 3 14 5 5 4
48 52 4 1 4 5 6 11 6 6 3
52 —56 3 1 3 6 3 16 6 6 6
56 —00 — 2 10 1 2 16 3 3 2
19100m—04m 6 2 11 6 5 9 3 6 4
+4°—45°
18140m—-44m — 2 12 11 13 21 8 3 4
44 48 1 2 10 2 3 12 4 8 5
48 —52 4 — 3 4 7 18 3 12 2
52 —56 1 1 6 5 8 19 5 7 4
56 —00 1 — 6 8 8 30 5 9 4
19h00m —Q4m 2 — 8 3 5 11 4 5 3
+5°—16°
18h40m. - 44m — 2 15 11 9 19 7 8 5
44 48 2 2 12 3 4 12 3 9 8
18 --52 2 — 5 5 5 18 3 8 4
52 —56 2 1 8 3 6 16 3 5 4
56 - 00 2 1 12 6 7 20 4 8 4
19%00m.-.-04m 2 1 7 4 4 13 3 5 4
16°~47"
18/140m - 44m 1 2 13 10 7 17 7 8 10
44 48 3 1 14 9 6 17 3 12 13
48 —52 2 2 12 7 6 19 2 6 8
52 —-56 2 2 14 3 4 15 1 4 5
56 —00 2 1 15 3 6 1 3 6 5
197100 --04m 2 3 8 4 6 13 5 5 9
+7°—+8°
18140m—A44m 2 1 8 11 8 16 8 4 14
44 --48 3 1 14 14 6 22 4 13 14
48 —52 4 4 17 7 9 20 2 8 10
52 —56 1 3 18 4 5 17 2 5 7
56 —00 — 1 11 2 5 11 4 5 6
19200m-—Q4m 3 4 1 3 6 11 2 4 5

absorbing matter distribution in that region confirm this hypothesis. However,
in order to determine the interior framing of the Sagittarius spiral arm by the
absorbing matter, observations of fainter stars are needed.

On the photographs of the region being studied, the apparent density of
stars varies from 75 in the region of the galactic equator to 400 stars per
square degree at latitudes greater than +2°.5. This is mainly due to stars
weaker than 12™.5. With brighter stars, there is considerably less variation
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in density.
The Distribution of Stars According to Their Distances From the Sun

Early-type stars. One feature of the distribution of the 0-B2 stars in
the region being studied is their complete absence between 0 and 1200 parsecs,
i.e., in the region with a high density of absorbing matter. Almost all the
stars of these classes may be found at distances ranging from 1200 to 3000 par-
secs, where the line of sight intersects the spiral arm in Sagittarius at an
angle of 45°, The density of absorbing matter is very low in this region
(Ref. 3, 6, 8). A relatively low concentration of neutral hydrogen, in the
range from 0.05 to 0.6 atm/cmz, is also characteristic of the region (Ref. 15).

At present, many observational data have been accumulated indicating that
the spiral arms, formed by early-type stars, do not coincide with the gaseous
arm determined by radio observations. This fact is, apparently, of great cos-
mogonic dimportance, whose significance is not yet clear.

Reddish (Ref. 17), after comparing the variation of the spatial density of
early-type stars (M < -4™.5; spectral classes 07 — 09) with the variation in
the density of neutral hydrogen in M31 -- based on the data cited in (Ref. 10)
—~- discovered that the star density maxima decreased in the intervals between

the neighbaring gas density maxima. He concluded from this that in a region /160

with an increased star demsity, the process of star formation had essentially
ended, and little gas remained. In regions with a higher gas concentration,
the critical density has not yet been reached, and there are relatively few
bright stars.

In the article (Ref. 19) an investigation was made of the distribution of
about 1160 0-B stars over the whole range of galactic longitudes. It was dis-
covered that these stars are grouped in specific directions. The authors are
not convinced that this effect is not caused by the selection of the observa-
tional material. According to (Ref. 15), a comparison of the distribution of
0-B stars with that of neutral hydrogen shows that the voids in the distribu-
tion pattern for these stars correspond qualitatively to hydrogen arms.

Baade (Ref. 9) showed that in the M31 spiral arms, the relative number of
hot stars increases with the distance from tbe nucleus, whereas the relative
number of dust clouds decreases.

Roegsiger (Ref. 18) notes that, if one assumes that the hydrogen distribu-
tion pattern given in (Ref. 15) is reliable, then the star arms are displaced
toward the center of the Galaxy by 300-500 parsecs with respect to the hydrogen
arms. This is especially noticeable with the external spirals. The star and
hydrogen arms could not have been separated by such a distance during the exis-
tence of the hot stars -- 106 years. Consequently, they could not have been
combined when these stars were formed. Such a conclusion contradicts the hypo-
thesis of star formation from hydrogen, if one assumes that hydrogen was
completely used up at the locations where they were formed.

From these examples, the cosmogonic importance of a further accumulation
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of data on the relative distribution of hot star groups and masses of inter-
stellar matter is clearly apparent. The data on the distribution of the 0-B2
stars, obtained in the present work, agree with the results of the articles
cited.

The B5 - B7 stars are found between 400 to 1500 parsecs. In this interval,
our attention is drawn to a portion with an increased star density at the dis-
tance of about 1000 parsecs. Data on the distribution of early-type stars are
given in Table 3. To facilitate a comparison with the data of other investi-
gators, the spatial densities are expressed in terms of the number of stars
per 1000 parsec3,

TABLE 3
0—B2 ' BS

T.pc i n 8.104 I,pe ‘ n ?:-103’ rpc n l 8-10°

0—1200 O 0.0 400— 500 1 04 1000—1]00 8 - 80
1200—1500 5 10.3 500— 600 1 04 1100—1200 4 33
1500—2000 14 105 600— 700 1 03 12001300 2 14
2000—2500 19 84 700— 800 1 02 1300—1400 1 0.6
25003000 16 5.1 800— 900 4 6.1
3000—4000 4 08 900—1000 10 121

The BS - G5 stars and Late Giants. 1In the article (Ref. 3) the region
being investigated is divided into six portions with homogeneous absorption.
In order to clarify the dependence between the distribution of the B8 ~ G5, /161
gF8 - K5 stars, and that of absorbing matter, the star distribution was studied
separately in each of the indicated six portions. There are no gaps between
the regions in which the O - B2, B3 - B7, B8 - A0, etc., stars which may be
readily observed are located.

The spatial densities were calculated by counting the stars in portions
of space every 100 parsecs. Dispersion ¢ of the absolute magnitudes was taken
according to (Ref. 14). To calculate it, a correction was introduced in the
absolute magnitude obtained as the average for a given spectral interval

(Ref. 11): s
M0=M— -1 . dA (m)

T A(m) dm (1)

The distance of star groups and the spatial densities must be calculated by
using the adjusted absolute magnitude MO'

Table 4 gives the number of stars in the corresponding distance intervals,
the densities of absorbing matter in stellar magnitudes per 1 kpc, and the
spatial star densities per 1000 pc3, as well as the total number of stars and
the average densities for the whole region. The B8 - A5 stars are distributed
along the line of sight in a very nonuniform manner. Figure 1 presents a dia-
gram showing the distribution of absorbing clouds and the maxima of the spatial
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TABLE 4

Entire
Region
n

VI
. n|Apg

Apg

n

v
n h” L]

3

n|Ap,

11
Apg

n

L}

r' Pc

n (Apg

B8—A0

T NO OO
|~LRJ8LB3K

___121220__

00504885555

SHB—=YOoTF T

___122473__

bt DN
| RS ==—a=0 |
COOOCOOOO
OV M 0D

OISO COCCOWOS

| lomgoangge|

__mmmmm%_m_
b=

© W 0w W W W <) VXD
Q&GOOO%%OOO

Plwow—ne ||

I3 zgzEes

OCoOCCOOO0O

CY¥v SO —-COHHVO
| = —wNewenn
= achac

| |ISSBS==3=8

COO00O0O0CO0O0

| | ~rmenvanon

an - NN~
| |22 8288

[-1=) 0000__

0—100 —
100—200 —
200300 2
300—400 6
400500 —
500—600
600—700
700—800 8
800—900 2
900—-1000 —
1000--1100—

A2—A5

lozezomwe |

el X=ilnk Tk J
RRITSS=9 | |
Coooooo

a0 ——
| 18228353
O oo
cooRpamooW
0440QL008

—

| T o=

“9415
SN ANO
11183358

[ 1 T weoe]

. a -

[Tal g Y
NaABI 5SS
SO Tooooo

F0 — FB

T ONMN
35119 |
(=X 1 [ =}

NOON b
nak | S|
N—=—  ©
a0 o g

1

6500—600

dF8-—G2

.06 32 10.53

0
3.37 192 9.02
.6 2,81 259 523

N —

9

0—100
100—200 32

200—300 48

das

SO

(=777

e
—

o w
52w

s
Sxo
(=] 7=37.]
-—h
[y ]
| ed
NO
eco
O

133



(Continuation of TABLE 4)

gF&—Ks

0—100 — 00 ~'— 00 .— ~ 00 — — 00 — —00 — = 00 — — —
100200 — 38 —~ '— 00 -~ — 40 — —~ 68 ~—~ —58 ~ —~ B) — — —
200—-300 -4 38 009 — 38 -~ | 40008—. 68 — 1858006 — 55 - 3 006
300—400 8 160 038 1| 36 012 —~ 08 — — 04 — 903022 — 10 — 18 016
400—500 — 06 -~ 5 36 036 5 08 014 2. 04 008 703 010 6 144 066 26 0.13
600—600 5 05 010 B 36 024 16 119 029 — 04 — 1403 014 2 08 015 42 0.15
600—700 85 05 007 5 08 0.8 5 00007 4 254 008 1967 014 — 08 — 38 0.1
700—800 5 126 005 9 08 023 6 00 006 — 2564 — —67. — 1 45 004 21 004
800—300 — 126 ~ 2 26 004 2 B84002-—- 08 — 167000 | 45 <~ 5 00]
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star densities for each of the six portions. The clouds are represented by 164
bands; the density maxima of the B8 - A0 stars -— by open circles; density
maxima of the A2 - A5 stars -- by solid circles; and density maxima of the

gF8 - K5 stars ~— by triangles. Out of 24 density maxima of B8 - A5 stars and
8 density maxima of the gF8 - K5 stars,
20 and 6, respectively, are located in

Portions
" the dust clouds. The fact that the
S S —— B8 — A5 and gF8 - K5 star groupings
v are predominantly located in dust
oA e oG men——— clouds apparently cannot be consider-
ed accidental, since the latter occupy
L/ U N only 587 of the region being investi-
gated. Schaefer (Ref. 20), when
i e N s studying the regions % = +24°, b =
= -10°, 0°, 4+10°, also discovered a
I 3=q§ s t?ndency of the A0 - A44 stars and late
e giants to group in the dust clouds.
p Ramberg (Ref. 16) detected "clouds
ey e AT composed of dust and stars" in the re-
5 I B B T EpC gion of Lacerta. According to the re-
sults of his investigation, the star

density increases in dust clouds.
Figure 1
The tendency to group is less
apparent with the FO - G5 dwarfs (see
Table 4). The dG8 - K dwarfs can be calculated completely only up to a dis-
tance not greater than 50 - 100 parsecs; therefore, one may not draw any con-
clusions with respect to these stars.

In the derivation and utilization of formula (1) for the computation of
dispersion, it is assumed that the luminosity function is of a definite ex-
ponential form, and is applicable to the entire region under investigation.
However, the fact that the tendency to group in dust clouds is manifested to a
different degree with stars of different classes may lead to a difference be-
tween the luminosity functions for a space occupied by clouds, and for a space
free from absorbing matter. It is impossible to determine such a difference
on the basis of the present work, since not all the star classes are accessi-
ble to observation at sufficiently large distances.
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Distribution of Stars According to Their Distances From
the Plane of the Galactic Equator

In studies on the distribution of stars according to their distances from
the symmetry plane of the Galaxy, the stars have been calculated over definite
areas in space every 5 parsecs of the distance from this plane. The distance
of the Sun from it, 2q, Was taken as 13.5 pc. Dispersion of the absolute mag-

nitude was taken into account according to (Ref. 14). Calculation of disper-
sion is equivalent to a certain change in the distance of a star group from the
equatorial plane. The corrected distance z is related to the distance not
corrected, z' by the formula

? | Z—z  dA(Z) 2) /165
10.86 A(2) dz °

Figures 2 -~ 4 show the results derived from calculating density as a function
of the z-coordinate for stars of various spectral classes (in Figure 3: e—e ——
B8 - A0, o—0 —-- A2 ~ A5, %~x —= gF8 - K5)
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Figure 2 Figure 3

The quantitiy z is plotted along the abscissa in parsecs; along the ordinate --
the densities, in the number of stars per 1000 pc”. For the 0 -~ B5 stars,
there are two density maxima: at the distance 40 - 50 pe south, and 30 - 40 pc
north, of the equatorial plane. At z = 0 there is a density minimum, This

may be a consequence of both a real grouping of these stars, and the fact that
in the region of the equator there is a concentration of the densest absorbing /166
clouds. In the latter case, one may assume that at low galactic latitudes, the
0 - B5 stars were not taken completely into account. 1In the case of observa-
tions with more powerful instruments, this minimum may be filled by fainter
stars.

For the B8 - A5 stars and late giants, there are density maxima at the
distance of 35 - 40 pc north from the galactic plane. 1In both directions away
from this point, the density increases. We could not determine whether
there is a density maximum south of the equatorial plane for these stars,
since the B8 - A5 stars with z = -35 pc and more do not occur in the region

being investigated.
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The study of the spatial distribu-
tion of stars in the region o = 18h50m,
§ = +5° makes it possible to draw the
following conclusions:

Figure 4

1. The early-type O - B2 stars are found at distances of 1200 - 3000 pec.
The spiral arm of Satittarius passes at that distance. Absorbing matter at
these distances is practically absent.

2. B8 -~ A5 stars and late giants are traced to a distance of 800 - 900 pc.
They exhibit a tendency to group in dust clouds. Apparently, the latter are
directly connected with the portions of a stellar field having an increased
density.

3. TFor F and G dwarfs, the tendence to group is only slightly manifested.

4., The regions of the maximum star density do not coincide with the plane
of the galactic equator. TFor O - B5 stars the density maxima are located at
the distances z = +35 pc and z = =45 pc. TFor B8 - A5 stars and late giants,
the density maximum is at the distance z = + 35 pc. We did not succeed in /167

discovering a second maximum for these stars, since stars of these classes
with z = =30 pc and more do not occur in the region under investigation.

There is a density maximum for FO - G2 dwarfs at the distance z = +15 pec.
Apparently, the spatial distribution of these stars differs from the distribu-
tion of earlier type stars of the main sequence and late giants.

5. The results obtained give a preliminary idea of the structure of the
Sagittarius spiral arm, and a portion of the neighboring section in the region
under investigation. In order to obtain a more complete picture, additional
observations of 15 - 16® stars in the region of the galactic equator and
negative galactic latitudes are necessary.
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THE MIIKY WAY IN THE CONSTELLATION AQUILA

G. L. Fedorcheﬁko

In the article the results are given of a study of
the Milky Way in the Rift. The study was performed on
the basis of magnitudes and spectra of stars up to
12m,0-12m,5, The results of other investigations are
used. The author discusses the special features of dust
and stellar components, their connection with one another
and with neutral hydrogen.

The link, consisting of early-type stars and dust
clouds between the Carina-Cygnus and Sagittarius arms, is
absent in longitudes -- 340°-20°, which is the main feature
of the investigated galactic region.

Some considerations are given as to the position of
the Sagittarius arm in the Northern sky.

This article summarizes the work performed by the author, which in- /169
vestigates the galactic structure on the basis of the photometric data and
spectra of stars up to 12.0-12™.5. The investigation by the author of the dust
and stellar components in the '"fork'" of the Milky Way made it possible to form
a concept of the structural characteristics of the region of the Galaxy,
corresponding to longitudes 12-22°. Moreover, on the basis of the data
obtained and the results of other investigations of a similar character in the
neighboring regions, we may study the structure of a more extensive region in
the internal section of the Galaxy.

The principal features of the galactic region being studied are the
following:

1. The directions 12-22° at short distances (up to 1500-2000 pc) in-
tersect the space between the spiral arms in Carina-Cygnus and Sagittarius.

2, At longer distances (up to 8000 pc) these directions pass through
the interior of the hydrogen arm in Sagittarius.

3. The region being investigated is located in the "fork" in the Milky
Way, which is formed by dust clouds situated at short distances from each
other.

4. The longitudinal region 12~22° is a region "which is avoided by" the
objects of stellar Population I (0 and B stars, galactic star clusters, and
stellar associations). This fact is used in determining the northern boundary
of the Sagittarius arm.

Until very recently, the galactic structure in the directioms indicated
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has hardly been investigated. Our aim was to investigate in detail the
distribution of dust matter and the stellar components. This would allow us
to determine the structure of the Galaxy between the arms in Carina-Cygnus and
Sagittarius, to explain the apparent pattern of star distribution, and to
obtain additional data on the structure of the Sagittarius arm.

Dust Component

The pattern of the distribution of dust was obtained on the basis
of interstellar absorption in the four regions -- A, B, C, and D -- whose
arrangement is shown in Figure 1.
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Figure 1 Figure 2

Absorption in Regions A and B. The factual information, procedure and
results of the study of the interstellar absorption in regions A and B, are
contained in (Ref. 2, 7-10). We have made use of the average pattern of
absorption in these regions. The corresponding portions with the same
absorption are shown in Figure 2; the absorption curves for them are shown in
Figure 3.

/170

Absorption in Regions C and D. The regions C and D have been investigated

by the Polish astromomers (the observatory in Torud) G. Iwaniszewski (Ref.
16) and C. Iwaniszewska (Ref. 15). At first, we planned to take advantage

of these authors' results when studying the structure of the "fork" in the
Milky Way, because their regions are adjacent to our A and B regions, and
they partially overlap. However, a comparison of our absorption curves with
those from Toruf revealed that they differ considerably. This was discovered,
for instance, in comparing the color excess curves in the regions IT and III
of G. Twaniszewski with the curve especially calculated from our data for the
overlapping portions (Figure 4). The differences in the excesses amounted to
0™, 25, which amounts to 1®.0 in absorption. The curves for portion & of C.
Iwaniszewska's region and portion 1 of our B region also differ considerably.

We attempted to find the reason for the discrepancies described, and
discovered that there were systematic errors in the photometric series of C.
Iwaniszewska and G. Iwaniszewski. Nevertheless, in order to obtain reliable
data on the absorption in the regions indicated, we investigated the
absorption in them, making use of the initial data only —-- magnitudes and
spectra —— from (Ref. 15) and (Ref. 16).

/171
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First of all, we compared the

spectra and magnitudes in the regions
C and D with other determinations. It
follows from the comparison of the 172
spectral estimates with the estimates
of the HD catalog that in the Torun
spectral classification there are no
noticeable systematic errors. The

o : ‘ best agreement between the classifica-
e tions may be noted for the B8 - A2

& —J/// stars.

The situation is different in the
case of stellar magnitudes. Thus, the

o - = -— : comparison of G. Iwaniszewski and G.
///J—”——g//”’——_—— . Iwaniszewska's photographic magnitudes

- N s

\
\\
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N

o _%a with ours in the B region (Figure 5, a,
Y A AL_LALJJ dots) reveals substantial discrepancies.
0 500 1000 r,pc In all likelihood, the reason for this

. is the fact that in the magnitudes,
Figure 3 obtained by relating the stars to the

KSA 87 Region, C. Iwaniszewska and

G. Iwaniszewski introduced incorrect
corrections for the reduction to the system of the Northern polar series, This
is confirmed by the good agreement between the initial, uncorrected photographic
magnitudes from the catalogs in question (Ref. 13), and our determinations
(Figure 5, a, crosses).
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Figure 4

When comparing the photovisual magnitudes from the Torufd catalog with
our determinations in the B regions, discrepancies were also found, although
they were somewhat smaller than those for the photographic magnitudes

(Figure 5b).

To make the corrections to the stellar magnitudes in the C and D regions /173
more precise, we studied the dependence of the color indices on the brightness
for the non-reddened stars of a definite subclass. As a result, for the C
region (of G. Iwaniszewski) we did not discover any noticeable error in the
color index scale in the photographic magnitude interval from 10 to 13®.
The error in the null points of the indices was O®.20. In the photographic
magnitudes of G. Iwaniszewski (see Figure 5), however, one should introduce
a correction for the null point, equal to Om.50. For the D region (of
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Figure 5

C. Iwaniszewska) it has been established that, in the case of the photographic
magnitudes which were not corrected by C. Iwaniszewska for the null point and
the scale (Ref, 13), an error in the color exponent scale was found only for
the stars with mPg < 9,5, and the error in the null point was equal to -0T.14.

After introducing the corrections indicated, we employed the normal Allen
index. For greater reliability, the absorption was calculated from the B8-A2
stars, whose spectra are the most precise.

The division (division into portions with identical absorption) of the C
and D regions was based on the form of the color excess curves versus distance
modulus curves. The division proved to be entirely different from the one
obtained by the Torud astronomers. Figure 6 shows both versions of the divi-
sion (heavy line denotes our version). This difference may serve as still
another proof that the division based on the form of the Milky Way is unaccep-
table.

The results derived from studying

A ?/? the behavior of CE with m - M, in separ-
v i,/’ ate portions of the C and D regions,
2 are presented in Figure 7. The total
3 /Lah absorption curves, calculated for
! Y = 4, are given in Figure 8.
|4

We then compared the absorption
curves in the adjacent and overlapping
Figure 6 portions of the A, B, C, and D regions.
In Figure 9%a, we compare the color
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Figure 7

excess curves for portion 1 of Region A and portion 1 of region B. The magni-

tudes of the absorption in these portions, which are contiguous to the galactic
equator, are almost identical., 1In Figure 9b, we compare the absorption curves

for portion 2 of region C and portion 1 of region B. The curves in these over-
lapping portions coincide very well. 1In Figure 9c, portion 3 of region D and
portion 2 of region B are compared. The difference in the nature of the ab- /174
sorption is somewhat more noticeable than in Figure 9b. “—__

Therefore, one may assume that the results derived from amalyzing the
regions under investigation agree quite well.

Discussion of the results obtained by studying absorption in the Milky
Way "fork". The following items were employed in the analysis of absorption
in the Milky Way "fork": the author's studies of the A, B, C, and D regions,
the investigation by S. McCuskey in the LF regions (Refs, 17, 18), data on the
interstellar absorption, obtained by H. Weaver (Ref, 20) for the direction
1 = 109, the results of the study by I. I. Pronik (Ref. 5) for the direction
1 = 3439, V.I, Voroshilov's investigation (Ref. 3) for the direction I = 59,
and the study by S. Apriamashvili in two regions for the directions I = 356

and 49.5 (Ref. 1).

As a result of the investigation of the A, B, C, D regions, we established/175
the fact that absorption is anomalously high at longitudes 12-220, 1In these
directions, we discovered absorption with a coefficient of 2.5-4M.0 per kpc
within the nearest kiloparsec. It is interesting to note that nowhere in the
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Figure 8

northern portion of the Milky Way is there such strong absorption at short
distances as at longitudes 340-25°. Thus, according to the data by S. McCuskey
(Ref. 18), the maximum absorption in the longitudinal range 33-182° amounts to
2, 3 (regions LF 6), and the average absorption over all LF regions is about
im,

Since .the regions which we have investigated cover a large range of
galactic latitudes (from +6 to -6°), we may examine the question of dust
distribution with respect to the galactic plane. The absorption curves for
the regions, situated symmetrically with respect to the galactic equator,
differ considerably. Thus, below the equator, region 1 (B), corresponding to
the darker portion of the "fork', is characterized by a more intensive increase
in absorption up to 400 pc, than region 1 (A) above the equator. The behavior
of absorption is also somewhat different in the regions with average latitudes
+3.5 and -3°.5. At the same time, the distribution of the average absorption
coefficients with latitude is almost symmetrical (Ref. 10).

Examining the absorption curves for the regions in question and comparing
them with the curves for the region of H. Weaver (Z = 10°), and that of V. I.
Voroshilov (Z = 5°), one can notice almost identical absorption behavior in
these directions (Figure 10), in spite of the fact that the directions con-
siderably differ from each other in longitude. The same absorption increase
behavior is exhibited by the curves for regions C (portion 2) and D (intermedi-
ate curve for the entire region), and region A (portion 1). Such a phenomenon
can only be explained by the fact that there is an extended cluster of dust
nebulae, which is intersected by the directions indicated and which is charac-
terized by almost identical absorption in these directions. The cluster can
be positively traced from O to 22° longitude with a small gap around 13-14°.
Absorption in the region of I. I. Pronik (7 = 343°), however, is very 'mottled"
and, apparently, cannot be attributed to the cluster indicated.

As may be seen from Figure 10, the absorption begins in the cluster at a
distance of 100 pc, and increases approximately up to 800-1000 pc. After this

176
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point, the increase either comes to an end or becomes insignificant. The
average characteristics of the cluster portion which are investigated are the
following: longitudinal extension -- from approximately 0 to 22°; latitudinal
extension -- from +2 to ~3°. The cluster extends in depth up to 900 pc, and
3-4 clouds may be observed along the line of sight. The average absorption
along the entire length amounts to 4M; the absorption coefficient is 5™ per kpc.
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Figure 9

In his article, which investigated the luminosity function (Ref. 18),
S. McCuskey made an attempt to obtain the general pattern of the absorption
distribution in the galactic plane. However, S. McCuskey's regions are /177
situated at different galactic latitudes; therefore, the pattern obtained by
him is not reliable. This especially pertains to region LF 1 (I = 12°,
b = -7°), which is of interest to us. The material which we had at our dis-
posal allowed us to investigate the distribution of dust over the portions
whose centers lay at the same galactic latitude +3°. Moreover, this choice
of latitudes made it possible to make use of S. McCuskey's data for his regions
LF2 and LF3. In addition, we utilized the data obtained for our region A
(portions 4, 5, 6), for the region of V. I. Voroshilov (portion 2), and
I. I. Pronik's region (portions 33, 34, 39, 41, 42). The result obtained
(Figure 11, dotted line denotes the distribution obtained by McCuskey) differs
from S. McCuskey's result in that the absorption increase in the direction
being studied is 4-5 times more intensive than in the region LFl. This is
perfectly natural. Region LFl is situated at latitude -7°, so that the line
of sight corresponding to the center of the region leaves the dust layer at
short distances from the Sun.

In order to obtain a more complete picture of the distribution of separate
clouds in the cluster discovered, we studied the cloud distribution projected
onto the galactic plane. The results are presented in Figure 12a (the cross
section was compiled for the latitude interval from -1 to -1°,5). A different
degree of blackness corresponds to different values of the absorption coeffi-
cient per kpc in the interior of the cloud. One can notice the existence of
separate cloud groups at the average distances of 270, 520, and 800 pc. This
is confirmed by Figure 12b, which represents a cross section along the meridian
1 = 16°, obtained from the absorption curves for only regions A and B, —- i.e.,
from the most homogeneous material,
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Figure 10

A detailed study of absorption in regions A and B makes it possible to
estimate the dimensions of the dust clouds, and also to make certain statements /178
concerning the structure of the absorbing matter.

Some difficulties are entailed in estimating the average dimensions of the
clouds; these difficulties are caused by the color excess method. As a rule,
in these portions of the absorption curves which correspond to short distances,
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Figure 11

the clouds are comparatively small, with the horizontal portions being sharply
separated. The dimensions of the clouds increase with the distance, and the
sharpness of the curve details decreases. The curves often exhibit a general
increase, in which it is possible to separate the individual clouds.

The phenomenon described is caused by two factors. First, the usual /179
number of stars on the basis of which a curve is plotted decreases with the
distance. This fact influences the accuracy of the curve. Secondly, as a
rule, the division into portions with the same absorption is performed on the
basis of the Milky Way pattern (or from star counts), and the pattern of the
Milky Way is in turn determined by the influence of the closest clouds
(located no farther than 400 pc). In this case the division, which correctly
expresses the distribution of only the closest clouds, is extrapolated to
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larger distances. Therefore, starting with a definite distance, the curves
give a highly averaged, distorted absorption pattern. Under these conditions,
the concept of the size of dust clouds becomes uncertain, and this clearly
causes the great differences in estimates of size.

The difficulties indicated could have been overcome: First, by having
at our disposal the magnitudes and spectra of weaker stars of small luminosity;
secondly, by changing the division method. The former is so far unattainable,
and the latter requires a special elaboration. Division into two or more
stages is one of the variants we have proposed, and also applied in calculating
absorption. The region under investigation was divided into equal portiomns
(1 x 1° squares), and for each one of them the CE curve was plotted. The
squares with the same CE behavior were united, and the average CE curves were
plotted for the portions obtained. Starting at a distance of 300-400 pc, the
process was repeated. In this way we have obtained a reliable division up
to a distance of 700-800 pc, and, consequently, more reliable values of the
dimensions of the dust clouds.
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After analyzing the absorption curves for region A from this point of
view, we have obtained the following results: the dependence of the cloud
dimensions on the distance, up to 700-800 pc, is insignificant. The average
diameter of a cloud, calculated from the absorption curves, is 40 pc with the
average absorption coefficient 20-25® per kiloparsec. Practically all the
absorption in this distance range occurs in the clouds. This means that the
structure of the dust can be more readily represented as '"mebulae and voids",
rather than as rarefied dust with nebulae floating in it.

As already noted, regions A and B are "prominent" in the sense that thus
far, no objects of spiral population, except dust, have been observed in them.
W. Becker (Ref. 11), H. Weaver (Ref. 21) and other investigators explain this
phenomenon by a real absence of the objects indicated in the direction in
question. On this basis, they assume that a longitude of about 350-0°
represents the limit of the Sagittarius arm in the northern sky.

Let us assume that a high dust concentration in the Milky Way "fork" is
the principal cause of "avoidance”" in the 12-22° longitudinal direction. The
quantitative absorption characteristics of the regions being studied allow us
to verify this assumption. We shall proceed from the fact that the absorption
increases up to the distance of 1000 pc, where it is equal to 4M. Beginning
at that distance, it remains unchanged or increases very slowly. Let us
assume that it is unchanged. For the limiting photographic magnitude, equal
to 12M, the stars with M = -3,2 (B0-B2) should be observed in the
absence of absorption up to distances corresponding to the modulus 15.2.

When the absorption is taken into account, the modulus will be 11.2 (or 1700
pc). If the absorption increases after 1000 pc, this distance will be some-
what shorter.

Thus, the absence of the BO-B2 stars in the catalogs with the limiting
photographic stellar magnitude up to 120 in the "fork" of the Milky Way
corresponds to their real absence up to a distance of 1700 pc. The above
reasoning is even more valid for objects of lesser luminosity. Basing our
considerations, for the moment, on data regarding interstellar absorption, we
can explain the "avoidance" for the stars of Population I at longitudes
12-22° by a strong interstellar absorption at a comparatively large (above
1700 pc) distance from the Sagittarius arm. In order to penetrate the
Sagittarius arm under these conditions, and to study it successfully, it is
necessary to know the spectra and magnitudes of early type stars up to 14-150,

One important task is to investigate the relative distribution of dust and
gas in the Galaxy. Figure 12b shows the density behavior of neutral hydrogen
according to radioastronomical data for 1 = 16°, and the distribution of
clouds of absorbing matter according to our data for regions A and B. By
comparing these graphs, one cannot discover any correlation in the distribution
of both components for a given direction. On the basis of this comparison,
the conclusion may only be reached that, in the part of the Milky Way which
is under investigation, the cluster of dust nebulae is located in a region
with a high density of neutral hydrogen (0.6 -1.6 atm/cm3).

/180
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Stellar Component /181

Method of caleulating stellar densities. The spectra and true modulil
of stellar distances were employed as the initial data in this portion of the
work. The true moduli were computed on the basis of data regarding absorption
in the regions A and B. The spatial densities (D) were calculated by employing
the so-called "individual" method (terminology employed by V. Zonn). This
method employs a direct calculation of the volumetric cones and of the stars
included within them in the corresponding distance limits. This makes it
possible to calculate the stellar densities. We selected this method, because
it does not necessitate any assumptions regarding the form of the luminosity
function in the corresponding volume of space. The determination of the
luminosity function represents one of the aims of our research.

Difficulties complicating the
calculation arise during the course of
this investigation. These difficulties
consist of the fact that the limiting
distances, up to which we may cal-~
culate the stellar densities, are
different for different groups of sub-
classes, and also for sections with
a different absorption. 1In order to
provide a reliable calculation of densities, it is very important to make a
correct determination of the limiting stellar magnitude which would completely
encompass stars of different spectral types. The limiting mpg,~for which
the spectral class is known, was first calculated. For this purpose, the
number of stars (which were accurately classified within an accuracy of the
sub-class) was calculated for different values of mpg in region A. The results

Figure 13

derived from the calculation (Figure 13) show that 11™.9 may be assumed to be
the largest limiting stellar magnitude. In order to completely encompass
all the bright stars, our data were supplemented with the catalog AGKZ. Stars

of the G, K and M classes represented an exception; the AGK2 catalog did not

divide these stars into giants and dwarfs. The smallest limiting magnitude
of 9™.5 was assumed for these stars.

The stellar densities were calculated for the following spectral groups:
B5-B7, B8-A0, Al1-A3, A5-A8, gG5-K, dF8-G2, dG5-G8. The distance moduli
were combined, so that a distance of approximately 100 pc was encompassed.

Table 1 presents the limits within which all the stars of different spec-/182
teal groups are encompassed in sections with a different absorption;these values
were calculated on the basis of the absorption curves. Table 2 presents the
volumes corresponding to the assumed limits of the distance moduli, within
which the stellar densities were calculated (the volumes were calculated per
one square degree in the plane of a figure).

The densities were calculated without dividing the regions into sections
at comparatively close distances (up to m-M=8), where the maximum values of
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TABLE 1

Réﬁidn = T T T
n B5—B7 | B8—AO | A1—A3{ A5—A8| FO—F5 |dE8—G2]gG5—-K
Sectioq_ B 1
A . _
| 0—93 0-—9.4 89 0-83 0-7.5 4.5-6.7 7.3—-8.8
T2 0—98 0—-98 0-95 0-84 0-7.5 4.5-6.7 7.5-9.2
3 0—10.7 0—-10.6 99 0-8.7 0-7.6 4.5-6.8 7.5—9.6
B o SR |
1 0— 98 0-93 .5 - 0-7.8 - - —
2 0—11.0 0-104 0-94 0-83 - —_ -
3 0-11.3 0-10.8 0-9.9 0-89 — — -
TABLE 2
m—M ] V.10-3, pe3 m—M lv-lo—’,.pce‘
4.5-59 0.32 9.7— 9.9 31.88
5.0-5.9 0.28 10.0—10.1 29.91
6.0—7.0 1.31 10.2—10.3 39.45
7.1-7.7 2.68 10.4-10.5 52.10
78-8.2 4.50 10.6—10.7 68.
8.3—8.6 6.65 10.8—10.9 91.18
8§.7—-9.0 11.47 11.0—-11.1 119.68
9.1-9.3 13.85 11.2—11.3 157.31
9.4-9.6 21.14 11.4 96.46
the z-coordinate of the region centers did not exceed 40 pc. At larger

distances the sections presented in Table 1 were investigated individually.
Tables 3 and 4 present the results derived from determining the stars for
separate spectral groups in different sections, within the corresponding
distance limits, as well as the calculated stellar densities.

Characteristics of the distribution of stellar spatial densities, We
shall discuss the results derived from calculating the stellar densities.

Stars of class A (Figure 14). The distribution of B8-AQ stars may be reli-
ably studied up to the largest distances (850 pc) close to the galactic equator.
The mean density of these stars within 160-250 pec is 0.16* in both regioms.

The stars were not distributed uniformally: in section 1 of region A, the
density changed within 0.17-0,35, and in section 1 of region B it changed from
0.09 to 0.20. The stellar density was greater above the equator than it was
under the equator, by approximately a factor of 1.6. In sections adjacent to

* The density pertaining to 103 pc3 is given at this point and in the following.

/184
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TABLE 3 '
_ " (183

- ﬁggigg_gi_____ Region B
Bs— | A1—| AS— |gas—| Fo—|drs—} Bs—| A1—| As—
—Ao0 | —A3| —A8| —K | —F5 | —G2} —a0] —A3| —As
nlDinlDinl DinlD|nl Dinl Dinl D|n} Din} D
i . i
70.19 20.06 50.14 — — — —.— — |40.12 70.11 80.2¢
30.18 80.11220.30 — — — — — 10.16190.28360.5¢
320.26140.11210.17170. 34— — — — [180.16200.18— —
________ — 79387l — — — — —
B — — e — — — 1561.689— — b — — — — —
D, 02 010 02 0.1 1.8 3.8 |05 02 o4

the galactic equator, there was no decrease in density with distance. This

phenomenon was quite clearly expressed in sections located at large galactic
latitudes; this may be explained by the decrease in stellar densities in a

direction perpendicular to the galactic density.

The density distribution of Al-A3 stars may be traced close to the galac-
tic density up to a distance of 530-650 pc. Just like B8-AO stars, they are
not uniformly distributed in space (see Figure 14). Their mean density within
160~-520 pc equals 0.18. In contrast to B8-A0 stars, the density of Al-A3 stars
is smaller above the galactic plane than it is below it (by a factor of 1.5).

The densities for A5-A8 stars were calculated up to a distance of 350~
450 pc (see Figure 14). The mean density of stars of this type is comparatively
large (0.26), and its value is approximately twice as great below the galactic
plane as it is above it.

If the tables and graphs showing the density distribution are examined,
three condensations of A-stars may be observed at the mean distances of 300,
490, and 750 pc. It is our opinion that these data may serve as a basis for
discovering new galactic star clusters in the Milky Way region being studied.

The densities of stars F and G were only calculated for region A, for
which we  employed data pertaining to stars of the FO-F5, dF8-G2 and gG5-K
types. However, it is impossible to trace the behavior of stellar densities
for the first two spectral groups, since the FO-F5 stars may only be studied
between 0-300 pc, and the dF8-G2 stars may only be studied between 80-220 pc.
Therefore, for these spectral types, we confined ourselves to calculating /186
only the mean densities having the values 1.98 and 4.25, respectively. The
densities of the giants G5-K do not depend on distance and latitude to as
great an extent as densities of the B8-A stars (see Table 4), and they have
a mean value of 0.14,

Characteristics of the distribution of stars in class B. It was difficult
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TABLE 4

BS— | Al1— |gG5—| B8— | A1— |gG5—| B8— [ A1—|gG5—
—A0] —A3} —K | A0—| —A3} —K j—A0 | —A3] —K
n n|Dinl D |n| Dinl D|n| D|nl D\in] D n]l)
my—M :
- Region A 1 . 2 .8
8,3— 8,6 [150,23 130,20 100,16} 60,07 120,14 130,15{4 0,12 2 0,06 3 0,09
87— 90 [190,17 90,08 90,08(170,11 240,16 190,123 0,05 3 005 5 0,09
91— 92 150,18 © :
9,1—- 93 1250,19 190,10 70,04 230,13]1 0,02 6 0,09 3 005
93— 94 (380,35 146 0,17
94— 96 220,05 220,08 3003 5005 5 005
. 97— 99 1000 3002 .
10,0—10,1 4003
10.2—10,3 1 0,00 :
104—10.5 5 002
Region B | -1 | 2 | 3
83— 86 15020 16022 50,08 160,24 2 0,06 30,11
87— 90 120,09 60,05 40,04 6013 6013
91— 93 13008 110,08 170,12 2 0,04 110,20
94— 96 16 0,08 - 6 007 5006 -
9,7 99 90,03 6 0,05 30,02
100-10,1 50,02 7 0,06 ..
102103 2001 15003 -
10,4—-105 ) -13 0,01
10,6—10,7 300

to calculate the densities of stars of this type due to the small number of
them. The entire region A+B was divided into three sections (Figure 15, dotted
line), and the following limits were chosen based on the distance moduli:
6.0-9.3; 9.4-9.9; 10.0-10.9. The results of the calculations (Table 5) only
indicate that the density of these stars is approximately two times smaller

in sections located at the galactic latitude 3.5-4°.0 than it is in the
equatorial region, where it comprises 0.0036. The mean density within

160-1500 pc equals 0.0026 -- i.e., it is two orders of magnitude lower than
for B8-AO0 stars.

The number of BO-B7 stars is considerably smaller in region A (13) than
it is in region B (36), although the first region is larger than the second
in terms of area. Comparing the number of stars in the different sections
of regions A and B with the nature of the absorption increase at large
distances, we were able to explain this phenomenon by a different absorption.

Let us study the list of BO~B3 stars (Table 6). There are almost no
BO-B3 stars in both regions up to a distance of 1700 pc (m-M = 11.2). The
BO-B3 stars which we observed at larger distances apparently belong to the
spiral arm of Sagittarius. The mean distance of the majority of BO-B3 stars
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in the list is 1740 pc. We
leading edge of the arm of Sagittarius, which is intercepted by the line of
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Figure 14

may assume that it determines the position of the

TABLE 5
[ I A R A
Limits o !

oM " v-1:§)~=. D-l%“, .|V, D-lf?‘. . v.ug-S. D108

pc pC pe” | pe pC pc

6.0-93 3 831 0.3 2 7.29 027 1 567 0.18
9.4--9.9 — — ~ 1 954 0.0 1 7.42 0.13
10.9-10.9 — — T — 12 39.3¢  0.30

T— ——m— L0 1] ] 1 Ll rn 1o - 1 !" "l || | 1 1
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Region, .|
Number of

Map

A, LVI

B, 11-1
11-3
15—1
15—1
15—4
15—5

Figure 15

TABLE 6

Sp

B3

mpg m,—M
12.64 11.2
12.02 11.0
12.09 11.4:
11.91 12.0
12.00 12.7
9.85 1.4
11.87 11.1

sight in the direction 12-22°, These
conclusions concur with the calcu-
lations presented in the section on
absorption.

Distribution of Stellar Densities
Along the z-Coordinate

The length of the regions which
we studied along the galactic lati-
tude from -6 to +6° made it possible

to follow the behavior of density with the z-coordinate for stars of certain
spectral groups -- B8-A0, Al-A3 and gG5-K. In regions A and B, two sections
(a and b), were distinguished, which were distributed symmetrically with
respect to the galactic equator (Figure 16, dotted line) and which encompassed

latitudes up to + 5°.2. Taking into account the limits between which there are
no selection errors (see Table 1), we were able to distinguish layers,which were

parallel to the galactic plane and which were 10 pc thick, in the spatial

cones corresponding to sections a and b.
cross section of one of these cones.

Figure 16

Figure 17 shows an approximate

The mean stellar density was calculated

for each layer. Table 7 presents

the intervals of the z-coordinate,
the true distance moduli (corres-
ponding to the limits defining the
layers in terms of depth), the number
of stars in the layers, and the
stellar densities. The following
conclusions were reached on the basis
of the graphs which were compiled
showing the behavior of density:

1. For B8-A3 stars, the density changed unevenly with the z-coordinate,

and gave no indication of strict symmetry with respect to the galactic demsity.

The maximum densities of B8-AO0 stars were observed above the equatorial plane,
and the maximum densities of A1-A3 stars almost coincided with them.

2. The density gradient of Al1-A3 stars was smaller than the density

/188
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gradient of B8-A0 stars.

The mean curves showing the behavior of D with |z[ (Figure 18, dots) were
on the basis of the combined computational results for B8-A0 and

compiled
Al-A3 stars.

Figure 17

It is known that the exponential law may be assumed on the average

for the change in the stellar density with the z-coordinate

where D

0

D=D,e

121
[

is the density in the galactic plane; B -- a constant.

According to

the studies by B. V. Kukarkin and P. P. Parenyy, the sub-systems of the plane

component may be characterized by the values of B between 44-100 pc.

The

behavior of the demsities, which is shown in Figure 18, is closely approximated
for a value of B which equals 45 pc for B8-A0 stars, and which equals 50 pc
for Al-A3 stars.

Luminosity function for 14-18° longitudes.
function as the number of stars in a cubic parsec with the absolute magnitudes

within the limits of M-1/2, M+1/2, then this function may be written as
follows at this distance
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where MS and Os are the mean values

of the absolute magnitude and its
dispersion in the given spectral
interval; D(r) —- density of stars

of this interval.

1f we know the density of stars
belonging to different spectral
groups for different distances, we

may calculate the luminosity function
for the direction 14~18° corresponding

to regions A and B.

The values of

D, MS and o given in Table 8 were

used for the calculations.

Beginning

If we determine the luminosity
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30—

70—

Figure 19 gives the luminosity function obtained -- 1, as well as the
functions (which are average for circumsolar space) which were calculated by
P. van Rhijn -— 2 (Ref. 19), and the functions calculated by S. McCuskey -— 3

(Ref. 18).

10
20
30
40
50
60
70
80

30

stars were not studied in region B.
the densities were taken during the calculations, range from 160-520 pc.

B5-B7 stars, the density of which was low, the limit increased to 1000 pc.
For F8-G2 dwarfs, the densities were only known at distances of 80-220 pc.

TABLE 8

i
istance,|Number

pec of

1 Stars|
0--1C00 15
160 -- 520 107
160 — 520 119
160— 440 78

100— 320 173
80— 200 124
50— 160 53
200~ 520 43

B§—AQ A1—A3 £G5-K
my—M n| D my—M | n| D me—M | n
Region A
6.7— 9.4 27 0.26 |[6.7—8.9 14 0.20 [ 7.5—-8.8 11
6.7— 9.4 12 0.12 |6.7-8.9 3 0.04|7.5-8.8 6
7.6—9.3 17 0.19 |7.6—8.9 10 0.18|7.6—-8.9 5
8.3— 9.6 20 0.19 18.3—-9.5 i1 0.12 | 8.3—9.2 16
. 87—-98 10 0.09 |8.7-95 5 0.07 { 8.7—9.3 8
9.1—-9.8 4 0.059.1-9.5 2 0,05]9.1—-9.2 1
9.4— 9.8 1 0.02(9.4-9.5 0 0.00
9.7— 9.8 0 0.00
Region B
6.7—- 9.4 19 0.18|6.7—8.5 5 0.11
6.7— 9.4 11 0.11 {6.7-8.5 10 0.23
7.6—9.3 5 0.46/7.6-8.5 5 0.16
8§.3—+v3 3 0.0418.3-8.8 3 0.11
8.7--9.4 3 0.05(8.7-9.3 3 0.u6
9.1--9.8 6 0.07
9.4 10.3 8 0.05
9.7—10.4 4 0.03
10.0-10.4 3 0.03
10.3—-10.4 1 0.03

o

00 60 00 GO GO 90 Co =

with F stars, the stellar densities were only taken for region A, since these
The general distance interval, for which

For
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Function 2 was obtained by studying the proper motion of stars, and function 3
was found on the basis of direct data regarding stellar demsities, In the
calculations, we did not take into account stars earlier than B5. However,
this did not influence the results, since the density of these stars in the
region of space being studied was practically negligible. For this reason,

it is not possible to consider giants of the class M. The fact that all the
dwarfs K and M were not included signifies that the portion of the curve we
compiled, beginning with M = 5, is inaccurate.

function which we calculated with the
functions of P. van Rhijn and S.
McCuskey shows that the general form
of the function in the direction being
studied is approximately identical,

Vg DIM0

— - ”,"..} A comparison of the luminosity
|
i
|

50L;7 J with the exception of a certain rise
. in our curve in the region of absolute
T T T T iy magnitudes from -1.5 to +0.5. This
points to an increased demnsity of
Figure 19 B5-A0 stars, which represents a

distinguishing feature of the galéctic
region being studied.

Comparison of the distribution of stars, dust, and gas. The distribution
of stars is not related to neutral hydrogen. The situation is somewhat
different when dust and stars are compared, whose distribution evinces a
specific relationship. Attention should first of all be called to the
arrangement of condensations of class A stars at approximately the same
distances at which groups of dust clouds are located. In order to make a /191
quantitative evaluation of the phenomenon, the mean number of stars in the
clouds and outside of the clouds was calculated for region A. The calculations
were performed for different spectral groups on the basis of absorption curves.
In addition, we calculated the areas occupied by dust clouds in different
sections of region A. This provided us with the mean ratio of stellar
densities in the clouds to the mean densities in the intervals between them.
All of these data are presented in Table 9. As may be seen from the table,
the majority of B8-A0 stars is located in clouds which occupy about one third
of the area. A large concentration in the clouds is also characteristic for
the G5-K giants. The Al-A8 stars are not as closely related with the clouds.
The ratios of the densities in the clouds to the densities in the intervals
change between 2.6-5.1 for class A stars and comprise 3.5 for G5-K giants.

The maximum concentration of stars in the clouds occurs for the spectral
group B8-AD.

It is interesting to note that the density ratios which we obtained
depend on the absolute magnitude (see Table 9).

Table 9 also presents results derived from similar calculations for

FO-F5 and dF8-G2 stars. They are not as accurate, since they were obtained
for a smaller area in space.
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TABLE 9

S r, n ! 1Dj

] ( pe n,q/n ‘él’ 14 ‘ Dcl Dlnte% Mav,
B8—A0 0—800 205 0.71 0.32 5.1 1-0.1
Al--A3 0—600 72 0.57 0.32 2.8 1.1
gG5—K 0600 77 0.61 0.32 3.3 4-1.4
A5—A8 0—450 43 0.70 0.47 2.6 42.4
F0--F5 0—320 163 0.41 0.26 2.0 4-3.7
dF8—G2 80—230 103 0.19 “0.18 1.0 5.0

* Cl - denotes cloud
We evaluated the results of these calculations as representing reliable
substantiation of the relationship between dust and stars, particularly
stars of the B8-A3 and gG5-K type.

Structure of the Milky Way at the 0-22° Longitudes

It is known that the spiral structure of the galaxy not only consists of
the main arms, but also consists of branches, which contribute to a very
complex picture, in general. The nature of the branches is the same as the
nature of the arms -~ i.e., they are formed by stars of the 0 and B type, by
gas, and by dust. The region of the galaxy, which is located between the Sun [192
and the Sagittarius arm in directions with a mean longitude of 10°, up to a
distance of 1500-2000 pc, is filled with clouds of neutral hydrogen, having a
density which is characteristic for hydrogen arms (0.6-1.0 atm/cm3). This
cloud combines the Sagittarius arms and the Carina - Cygnus arms. The question
of the distribution of the spiral population representatives in the region of
this hydrogen link then arises: the O and B stars, their associations, and
the dust.

Dust component. As has been noted, interstellar absorption at 0-20°
longitudes up to a distance of 900-1000 pc is caused by a cloud cluster,
and increases rapidly. At larger distances, there is an insignificant increase
in the absorption. In actuality. in section 1 of region B at distances of
1000~1500 pc it is characterized by the mean coefficient -— 1™ per kiloparsec.
This value is obtained for section 2 within the same distance limits.

It follows from the study of V. I. Voroshilov (Ref. 3) that, beginning
with 1000 pc, for a mean longitude of 5° the mean absorption coefficient in
all (with the exception of one) sections of the regions studied did not exceed
1m, and comprised 0.7 on the average. This same phenomenon was observed in
the region studied by I. I. Pronik (Ref. 5) (& = 343°, b = 0°), where the
absorption was only great up to a distance of 1000 pc. We employed the data
of I. I. Pronik to calculate the absorption, which was average for the entire
region, beginning at a distance of 1000 pc. At a distance of 2000 pc (from
1000 to 3000 pc) the absorption increased by less than a factor of 1. Thus,
the absorption was also insignificant at distances exceeding 1000 pc in the
direction of 343°, Absorption at distances of 2000-3000 pc in the LF2 region
of S. McCuskey was also the same (Ref. 18).

The above statements foster the conclusion that at the 343-22° longitudes
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(and possibly up to 33°) powerful dust clouds, which form the "fork" of the
Milky Way, are distributed approximately up to the distance 1000 pc, and do
not continuously fill the space between the Carina-Cygnus and Sagittarius arms.
It also follows from the studies mentioned above that this "dust gap” (with a
mean absorption coefficient of no more than 1M per kiloparsec) extends up to

a distance of 2500-3000 pc. This fact, as well as the presence of powerful
dust clouds in the directions studied, closely coincides with the predominant
distribution of dust observed in the galaxy in the form of an inner border

of the spiral arms. Figure 20 presents a diagram showing the structure of

the Milky Way region which we studied.

Early-type stars. In the directions studied, the line of sight intersects /193
the interval between the Carina-Cygnus and Sagittarius arms, and then the
Sagittarius arm. We shall summarize the data making it possible to determine
the position of this spiral in the northern sky.

/) -
o Galactic star clusters \Bright giants 0-B
® 0-associations |,’|,':,BO—B2 (data of V. Voroshilov)
A BO-B3 (regions A and B) Eggcluster of Nebulae

ooe

%% BO-B3 (data of I. Pronik) pmy, Neutral Hydrogen

Figure 20

According to H. Weaver (Ref. 21), bright stars of the Sagittarius arm
are distributed as is shown in Figure 20. It follows from the catalog of
W. Hiltner (Ref. 12) (the catalog contains only the exact distances of early-
type stars, determined photoelectrically) that all of these stars are located
beyond 1000 pc.

Individual studies of fainter stars (m.pg > 12) substantiate these data.

I. I. Pronik (Ref. 6) determined the beginning of the arm in the direction
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343° at a distance of 600-1000 pc. V. I. Vorishilov (Ref. 4) indicated that
there were absolutely no 0-B2 stars in the direction 5° up to a distance of
1200 pc. We found a value of 1700 pc for the distance to the leading edge
of the Sagittarius arm, based on the B0-B3 stars. Consequently, it may be
concluded that at the 0-20° longitudes the optical arms of Carina-Cygnus and
Sagittarius are not combined, but they are combined in the hydrogen spiral
structure. Once again this substantiates the lack of agreement between the
hydrogen and optical pictures of the galactic spiral structure.

We noted above that the limiting longitude, up to which the Sagittarius /194
arm extends in the northern portion of the Milky Way, cannot be determined
precisely. We also pointed out that several authors (W. Becker, H. Weaver)
give 350° as this limit, justifying this by the absence of early-type stars
in this direction. The significant absorption (which they discovered as a
result of their investigations) in the direction 12-22°, and also a certain
number of BO-B3 stars around 12® provide a basis for assuming that the optical
arm of Sagittarius may extend at least to a longitude of 20° in the northern
section of the Milky Way. Data on the magnitudes and spectra of stars fainter
than 12M are requisite in order to perform this study successfully.
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EFFECT OF THE EARTH'S ATMOSPHERIC TURBULENCE
ON THE LIGHT COLLECTION OF TELESCOPES

I. G. Kolchinskiy

The article deals with the influence of the optical
instability of the atmosphere on the quality of star focal
images, made with telescopes having various diameters.
Estimations of the part of reduction to transatmospheric
star brightness due to atmospheric turbulence are given.

[~~~
-
O
[=}

L. A. Chernov (Ref. 11), and also N. G. Denisov and V. I. Tatarskiy
(Ref. 3), have shown that intensity distribution in the focal image of a pre-
cise object (a star) differs from the distribution in the case of a uniform
medium for a nonaberrational objective. This is due to fluctuations in phase
and amplitude at the front of a light wave, which is propagated in a non-
uniform medium, with fluctuations in density. When there are fluctuations,
the intensity is smaller at the focal point than would follow from the theory
of diffraction. The effective radius of the image increases, since the curve
showing the intensity distribution in the focal image has large 'wings". Due
to this fact, the exposure time for obtaining photographic images of stars
having a definite stellar magnitude increases considerably, and light collection
of the telescope decreases.

|

The relative intensity decrease at the focal point, as compared with the
theory of diffraction, depends upon the amount by which the mean square
value of vibration ("incoming angle" of light rays) exceeds the angle of dif-
fraction, which is determined by the ratio A/D, where A is the wavelength,
and D is the objective diameter. This same ratio determines the radius of
the diffraction dise of the stellar image, which may be calculated according
to the following formula in angular dimensions

5 =122 b
D
and in linear dimensions, according to the following formula /197
_ 1,220F , (2)
D

where F is the focal distance of the objective.

The ratio betweem the mean intensity at the focal point, in the presence
of fluctuations I, and the intensity without fluctuations IO may be determined

by the function G(a) (3):
1
G(a) =1§J‘e—”" /"{arc cos x—x V' 1—x?} xdx, (3)
T
where x = r/D is the relative distance from the center of a circular diaphragm
having the diameter Dj;
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2
2a=2,91 2 1
A

L = L, sec z - "air mass', traversed by a ray at the zenith distance z;
C% —~ parameter characterizing the pulsation intensity of the refractive index
included in the law of "two-thirds'" power:

Dy (r)=Car's (L>r>l); (4)

where Dn(r) is the structural pulsation function; £, and LO - inner and outer

0
turbulence scales.
In the case of a layer in which C% does not change with altitude, the

mean square of fluctuations of inecident angles &2 is determined by the follow-
ing expression

1
$2=2291D 3L, seczCy, (%)
Taking the value o into account (1), we obtain
o 52
204t 149 [, =591 55 ®)

Thus, a is proportional to the ratio of the mean square of vibration to

(A/D)?

Figure 1 presents a curve showing the values of the function G(a) (Ref. 3).
The weaker the intensity at the focal point, as compared with the theoretical
intensity, the greater the objective diameter in the case of the same vibra-

2,2
9
the square of the angular radius of the diffraction disc <; e >.

tion -- i.e., the smaller the angular radius of the diffraction disc of the
image. With an increase in the mean quadratic vibration amplitude -- i.e., 198
generally speaking, when there is an increase in the zenith distance —- the
ratio T will also decrease.
0
G@F YT 20 ""’""”/
LS\-—A e _'_: ____’_/

. u\‘\ - /
- 1 g - ~
o5 il /

Figure 1 Figure 2

'Figure 2 presents the intensity loss as a result of turbulence, expresseg
in stellar magnitudes. Intensity attenuation is quite large at the focal
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point.

change in astronomical practice.

We shall try to determine the limits within which the value of a may
In order to determine these limits, we shall

start with the empirical data provided by Danzhon and Kuder, regarding the

Even in the case of a = 1, it is about 0M.3.

relationship between the angle of turbulence and the radius of the diffraction

disc when the quality of the image varies (Ref. 2).
be characterized by a well known table (Table 1).

This relationship may
We shall didentify the

turbulence angle with the angle ¢J ~- more precisely, with Y842 . It may be
seen from Table 1 that the ratio oz/a% may change from a value of about = ,
In this

for very good images, up to values of 2-4 for very poor images.

connection, & changes from 3.7 to 100-200. Thus, the intemsity lo

comprises no less than 1M.0 in stellar magnitudes.

Ss

We must keep the fact in

mind that this condition of Danzhon and Kuder is an arbitrary condition, and
pertains to visual observations employing instruments with an average dimension,
whose objectives do not exceed several tens of centimeters.

In every case, it may be seen from these data that a has values which are
close to unity, and greater than unity, during astronomical observatioms.

TABLE 1

ye? o2
o IMAGE QUALITY
r (22
T
< 1 Perfect diffraction image without perceptible 1
4 |deformation, possibly slightly disturbed. 16
1 Unbroken diffraction rings with bunches of light 1
4 |passing through them. 16
1 Image slightly disturbed, rings broken in places; 1
2 |edges of diffraction disc disturbed. 4
1 Great disturbence of the image; diffraction rings 1
disappear, bundle of rays removed from spot, immedi-
ately disappearing.
>1.5 Image in the form of a turbulent diffusion spot > 2.5

of comparatively stable form, scattered with small,
agitated shafts of light. If there were no turbu-
lence, the image of a star would resemble a planetary

image.

/199

This

is due to the fact that very good images of stars, for which the diffraction
picture is clearly apparent, are very rarely observed.
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In the region of values a >> 1, the function G(a) changes approximately
as a“Q/S. If only D changes for one and the same vibration we then have

G (a) ~ (D) ~"=D"3,
i.e., G(a) decreases as D-2,

A strange result is thus obtained. When the diameter of the objective
increases, due to fluctuations the intensity in the focal image of the star
decreases to such a great extent that it balances out the expected advantage
to be gained from an increase in the diameter. But one fact must be kept in
mind. It is known that the illumination of the stellar image in the focus of
the telescope is not, generally speaking, proportional to D2, but to D4/F2
(Ref. 6, 9). This may be explained by the fact that the angular diameter of
the diffraction disc changes in inverse proportion to D, and the light flux

changes in proportion to D2. The linear diameter of the diffraction disc is /200

proportional to F. We may apply the dependence D4/F2, if the diameter of the
diffraction disc of the stellar image is greater than the mean dimensions of
the grain of the photographic image, which corresponds to a sufficiently large
%/D. Table 2 presents the radius of the stellar image for different values of

B (A ~ 550 millimicron). TFor F/D ~ 15 the stellar image diameter is approxi-
mately 20 microns, which exceeds the diameter of the photographic emulsion

grain by at.least several factors.

TABLE 2 It has been indicated in courses
on astrophysics [for example, (Ref. 1)]
that the theoretical light collection of

l
|

£ § £ § telescopes must be proportional to one-
b S b 3 fourth power of the opening diameter.
-- - -H R— S. K. Kostinskiy (Ref. 1) has written:
] 0.67 9  6.63 "However, due to the structure of the

g éﬁﬁ %? %gg retina during visual observations or

4 2.68 12 8.05 the structure of the sensitive layer

5 33 13 87 of a photographic plate during photo-

6 .02 14 9.4 .

7 469 15 10.07 graphy, it must be assumed that the

8 5.35 light collection of telescopes is only

proportional to the square of the dia-
meter" (for stars). It is possible
that this is the case for small F/D.

_ However, for large F/D and for large
diameters of the image, in my opinion, it seems more logical to assume that
the reason for the reduction in illumination in the stellar image does not
lie in the nature of the light-sensitive layer, but in the influence of
fluctuations. Since G(a) v D~2 usually during astronomical observations, in
actuality the illumination of the stellar image at the focus will not be
proportional to D4/F2, but only to D2/F2, as is characteristic in general for
extended objects. When there is no turbulence, for example, in the case of
astronomical observations on the Moon, it is possible that the formula D4/F2
will be closer to reality for stars than it is for D2/F2, particularly in the
case of fine-grain emulsions.
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It also follows from the theory of L. A. Chernov (Ref. 11) that the
ratio I/IO is proportional to EE_ for fairly large fluctuations -- i.e., where

h2
.a is the correlation scale in the Gauss law which describes the correlation
relationship between pulsations of the refractive index; h - dimension of the /201
diaphragm, assumed to be square. Thus, the conclusions reached by L. A.
Chernov for the case of large fluctuations coincide with the conclusions of
N. G. Denisov and V. I. Tatarskiy for the case of largea.

Let us examine certain examples.

In his time, G. A. Tikhov (Ref. 8) compared the photographic conditions
for the variable star RT Persei whose brightness changed from 9.5 to 10m.5,
by means of specific light filters on two instruments: a Bredikhina astro-
graph (D = 17 cm, F = 20 cm) and a Pulkova 30-inch refractor (D = 72.6, cm,
F = 1412 cm). An exposure of no less than 15 minutes was necessary for photo-
graphing this star on a Bredikhina astrograph by means of a light filter with
a pass band of 495-615millimicrons and a mean band of 555 millimicrons. 1In
order to obtain the image of RT Persei in the focus of a 30-inch refractor,
an exposure of no less than 50 minutes was necessary. Based on theory, in
view of the fact that the area of the refractor objective was 20 times greater
than the area of the objective of the Bredikhina astrograph, G. A. Tikhov
expected that the exposure on the refractor would be less than 1 minute.
G. A. Tikhov reached the conclusion that the lack of agreement which he
obtained in the exposures could be explained by the large linear dimensions
of the images and by the great influence of vibration when the focal distance
of the 30-inch refractor equalled 14 m.

In actuality, one could not hope to gain any advantage with the exposure
on a 30-inch refractor, as compared with the Bredikhina astrograph. The
relative aperture of the first was 1/19.5, and the relative aperture of the
second was 1/4.7. The ratio of the light collection of both instruments was
1/17.3 -- i.e., the ratio of the squares of these numbers. Thus, illumination
of the image in a 30-inch refractor is 17.3 times less than in a Bredikhina
astrograph. Correspondingly, the exposure for RT Persei must be increased by
at least a factor of 17, i.e., several hours. It is no wonder that the
image was underexposed with an exposure of 50 minutes. WNaturally, this is
a very rough estimate, since the difference in achromatization of both
instruments would have to have had an influence, in spite of the fact that the
same filter was employed. In addition, it is very likely that the photography
on the astrograph and the refractor was performed at different times, and the
meteorological conditions would have to have been different.

According to S. Cheiner (Ref. 13), losses of the limiting stellar mag-
nitude due to the fact that the atmosphere is not quiet during photographic
observations may comprise about 0m.75. It may be seen from Figure 2 that
such an intensity loss may occur at the focus ~- for example, when the /202
parameter a changes from 3 to 8, which corresponds to an increase in the angle
of turbulence by a factor of ¥8/3 = 1.6. Unfortunately, we do not know what
atmospheric agitation or what instrument formed the basis of Cheiner's
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estimate.

There are also indications that, for the 100-inch telescope of Mount
Wilson Observatory, the limiting stellar magnitude changes by 30

for a poor quality image (Ref. 12)., This brightness decrease fully agrees with

the curve shown in Figure 2, and may correspond to an increase in turbulence
by several factors, as compared with its mean value in a quiet atmosphere.

Let us investigate the manner in which the illumination of the stellar
image must change at the focal point when the zenith distance changes. Let
us employ the following notation: I - the light intensity in the focal image,
and IO ~ the same intensity in the absence of an atmosphere. In this case,

I must be the function of atmospheric absorption and must depend on fluctua-
tions. In general form, we may write

I(z
(%Iﬁ 2 - k(2)G (a), (7

0

where k(z) characterizes customary (Bouguer) light attenuation; G(a) - the
function, and g depends on sec z (or on L). At the zenith, we have

1(0, a
O 9) (0)6(ay), @)
/o
where a, is the value of a for z = 0°. Thus, reduction to the zenith may be
calculated according to the following relationship
[(z,a) _k(z) G(a)_ 9)

1(0, a))  k(0) G(ap)

The quantity-ki&l is none other than k(z) _ p(sec z=1) | where p is the
£(0) k(0)

transmission coefficient of the atmosphere. The ratio G(a)/G(aO) must be

determined according to a curve. In the case of a ~ 1, it is impossible to
employ asymptotic relationships. Such values of g are characteristic for
astronomical observations. For different stellar magnitudes at the zenith
distance z and at the zenith, we obtain

my—my=2.5(secz—1)1gp—251g _E}(L((E)T— (10)
a,

or
my-—me=2.51g[pG(as)]—2.5 sec z1g p—2.5 1g G (a)
In the case of G(a) = 1, this formula coincides with the customary formula
m,—mg=251g p-—25seczlgp.

We shall assume that a = 3 at the zenith under certain meteorological
conditions. 1In the case of z = 60° a = 6, since sec 60° = 2. The corre-
sponding correction to the Bouguer law in stellar magnitudes may be determined
according to the curve shown in Figure 2, as the difference of the ordinates
in the case of a = 6 and a = 3 —— i.e., 1M ,42-0m.84 = Om,58. For a = 4 and

/203
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a=8 1m,64-1m,02 = 0M.62. Thus, the deviation from the Bouguer law is
characterized by the term 2.5 lg G(a) = 2.5 1g G(a0 sec z), if we set

a = a, sec z.
0

The Bouguer straight lines may actually curve at sufficiently large
zenith distances, but the reason for this has not been adequately explained.
Thus, N. N. Sytinskaya (Ref. 7) assumes that these curves are due to a change
in the transmission coefficient, particularly in the case when the so-called
long method of determining the transmission is employed. V. G. Fesenkov
(Ref. 10) has also pointed out the curvature of the Bouguer lines, beginning
with 2z = 60 - 70°. V. B. Nikonov (Ref. 5) assumes that the curvature of the
Bouguer lines is caused by the Forbes effect and smooth changes in trans-
mission. It is fully possible that the phenomenon we have investigated also
contributes to the curvature of the Bouguer lines.

Let us now investigate what the reduction must be to stellar brightness
outside of the atmosphere. It is apparent that it depends on the angle of
turbulence and the greater the diameter of the telescope objective, the larger
it is. It may be seen from Table 3 that the intensity loss of the focal image
due to fluctuations, when the star is located at the zenith, is quite large
for large telescopes. However, it is small for telescopes with a small
aperture. The estimates we obtained pertain primarily to limiting stellar
magnitudes, which essentially depend on the plate sensitivity threshold or the
radiation receiver. For stellar images which differ from the limiting images,
the data presented in Table 3 are probably too high. The limiting penetration
capacity during observatdons outside of the atmosphere also depends on the
background brightness of the sky, which is appreciable under these conditions.

TABLE 3

Angle of Turbulence 0".3(Q Angle of Turbulence 0".20
D, cu a G (a) Am a l G (a) Am
10 2.30  0.52 0.68 0.57 0.83 0.23
20 8§.89 0.2 1.75 2.22 0.50 0.75
20 19.8 0.090 2.60 4.495 0.32 1.24
40 6.6 0.019 3.28 9.15 0.20 1.75
50 35.2 0.032 -3.73 13.8 0.132 2.20
60 79.2 0 022 4.10 19.8 0.092 2.65
70 10 .0 0.017 4.40 26.2 0.070 2.78
80 146.9 0.012 4.77 36.6 0.050 3.26
90 178.1 0.010 5.00 44.5 0.041 - 3.48
100 218.2 0.0u8 6.21 54.5 0.034 3.70
200 1112 0.0016 6.97 276 0.0066 4.45
302 1980 0.0009 7.60 495 0.037 6.10
400 2700 0.00066 7.90 675 0.0027 6.43

The quantities shown in Table 3 all make it possible to represent the
efficiency of a telescope when there is no atmosphere. We should point out
that the standards of photographic stellar magnitudes are based on the

/204

so—-called G6ttingen Werke actinometers. When the first study was carried out,

an instrument with D = 45 mm and F = 460 mm was employed, while the second
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study employed an instrument with D = 145 mm, F = 814 mm (Ref. 4). As may be
seen from Table 2, with such instruments, a portion of the reduction for
changing to extra-atmospheric magnitudes, which depends on fluctuations, does
not exceed several tenths of a stellar magnitude.

Since o depends on A, G(a) also depends on A. It thus follows that G(a)
is not the same for stars having different colors. Let us employ the follow-
ing notation: Al off and Az off T photographically effective wavelengths for

two stars of different spectral classes. If A £ then -- since

: 1 eff ~ 22 ef

av _é » where ¢ are now assumed to be constant —- a; < a, and, consequently,
N 2

G(al) > G(az) —-- i.e., the "bluish" and "blue" stellar images are attenuated

to a greater extent than the "red" images. The attenuation difference depends
on the difference A gg- If we assume: spectral class - B, - 412 milli- /205

A H
eff 0
microns; M - 443 millimicrons (}\eff)B /()\eff)M = 0.93. The square of this
0

quantity yields the following relationship

a
B = 1.15.
Ay

If it is assumed that ay = 3, then a = 3.45. According to Figure 2,

the difference between the corresponding attenuations is about O®.1; thus,
the influence of this phenomenon on the difference between the color indices
is comparatively small. ’
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